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Abstract

Transparent electrodes are a necessary component of electrochromic devices. These electrodes are most
commonly made from indium tin oxide (ITO), but this material is far from ideal. ITO is expensive, brittle
and thus unsuitable for flexible applications, and has low transparency in the near infrared (NIR) region
which limits the solar heat gain of smart windows in the winter. Random networks of silver nanowires are
a promising alternative material to replace ITO since they are cheaper, simpler to deposit, have deposition
temperatures compatible with plastic substrates and are much more mechanically flexible. This thesis is an

examination of if and how silver nanowires can improve the performance of electrochromic devices.

Two unresolved problems with silver nanowire electrodes that hinder their widespread use is tackled. First,
their low lifetime due to silver corrosion and their surface roughness. In chapter 2 a passivation strategy
that meets the requirements for electrochromic devices is explored. Unlike many nanowire electrode
passivation materials used in the literature, the use of a non-conductive passivation layer is researched here
which allows the use of transparent polymers. Of the candidates tested, polyurethane (PU) was found to
perform the best with electrode resistance only increasing 1.8X after six months. PU is cheap and easy to
deposit, 96% transparent across the visible and NIR regions, increases the mechanical flexibility of
nanowire electrodes, and improves nanowire adhesion and surface roughness. It is shown through
simulation and electrostatic force microscopy measurements that despite the non-conductive nature of the
passivation material, the magnitude of the electric field above the electrode is quite uniform, decreasing by
at most a factor of 0.5 above nanowire gaps compared to directly above a nanowire. Electrochromic displays

made with PU-passivated nanowire electrodes have a uniform colour switch across the device area.

In Chapter 3, the PU-passivated nanowire electrodes are integrated into mechanically flexible PEDOT:PSS
based electrochromic displays. Compared to the same devices that used ITO electrodes, these devices have
improved colour changing properties and a longer lifetime. Most noteworthy is their far superior mechanical
properties. After 50 bending cycles, the devices with nanowire electrodes had little change in performance
whereas devices with ITO no longer worked. Also, the capability of making these displays not only flexible,
but recyclable as well is demonstrated by successfully printing working nanowire/PEDOT:PSS

electrochromic devices on biodegradable paper in place of plastic substrates.

One issue with PEDOT:PSS as an electrochromic material is its low conductivity, causing PEDOT:PSS

based electrochromic devices to have slow switching speeds and elevated operating voltages. In Chapter 4,
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it is shown that sheet resistance can be lowered from 280 Q/sq to 34 Q/sq by mixing silver nanowires into
the PEDOT:PSS electrochromic layer. The longest, thinnest nanowires at a concentration of 3.0 mg/ml led
to the best performance. The addition of nanowires into the electrochromic layer more than halved
switching times and lowered the turn-on voltage from 1.5 to 1.1 V. Furthermore, the increased conductivity
allows the device to operate well without transparent electrodes thereby reducing cost and complexity.
Passivation of the silver nanowires in solution before mixing with PEDOT:PSS was attempted using two
small molecules, MuA and MBI. However, the performance of electochromic devices using these
passivated nanowires was poor due to nanowire clumping. Alternative suggestions for passivating silver

nanowire surfaces in solution are given.

One advantage of silver nanowire electrodes that has received little attention in the literature is their high
transparency in the NIR region, which is highly desirable for some applications including smart windows.
In Chapter 5 it is shown that for electrodes that are 96% transparent in the visible, ones made from ITO are
only 35% transparent at a wavelength of 2500 nm, while those made from silver nanowires maintain a
transparency as a high as 94%. Experiments and modelling show that to minimize the transparency drop
from the visible to the NIR, the nanowires should be sparse and larger in diameter. This is found to be
attributed to both the larger average spacing between nanowires in such networks and the lower absorption

losses of larger diameter nanowires in the NIR.

In Chapter 6, silver nanowire electrodes are integrated into tungsten oxide/nickel oxide based
electrochromic smart windows and compared to the same windows with ITO electrodes through both
experiments and modelling. Windows using passivated nanowire electrodes are shown to have higher NIR
transparency, leading to a lower U-factor and higher solar heat gain in the winter with similar U-factor and
solar heat gain in the summer compared to ITO window devices. This would allow more heat to enter a

building in the winter, thereby improving energy efficiencies in cold climates.
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Chapter 1

Introduction

1.1 Electrochromic Devices

1.1.1 Device Basics

An electrochromic device alters its optical properties when a difference in electric potential is applied across
it. The four most common application areas of electrochromic devices are: (1) information displays, which
are patterned to display and change messages in real time to broadcast information; (2) variable reflectance
mirrors, which change their reflectance based upon required conditions, eg. rear view mitrors in motor
vehicles; (3) smart windows, which can improve the energy efficiency of vehicles or buildings by
controlling the amount of light and heat that is transmitted through the window, and lastly, (4) variable
emittance surfaces, which can be used on space vehicles for temperature control [1]. In this work,
information displays and smart windows were fabricated and characterized, though much of the lessons

learned are applicable to electrochromic devices of all types.

In general, the active layer of an electrochromic device has three main components: (i) a primary
electrochromic film, (ii) an ion conductor or electrolyte, and (iii) an ion storage layer or secondary
electrochromic film [1]. These layers are sandwiched between two electrodes, at least one of which is
optically transparent to allow light to pass through [1]. Figure 1.1(a) shows a schematic of a typical
electrochromic device. The electrochromic film undergoes a colour change when an ion (commonly
hydrogen or lithium) from the electrolyte moves to bond with the atoms in the electrochromic film [1]. For
charge balance, an electron is either added or ejected to or from the outer shell of each atom in the material
[1]. Upon the loss or gain of these electrons, the atomic structure of the material changes, altering its optical
properties and hence the wavelengths at which it absorbs light [1]. The movement of the electrons or ions
is done by the application of an electric field through an applied voltage potential. The ions and electrons
move back and forth through the ion conductor material between the primary electrochromic film and ion
storage or secondary electrochromic film [1]. When the voltage is turned off, the electrochromic films will

return to their original colour and atomic configuration [1].
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Electrochromic materials are mostly either transition metal oxides or polymers as these materials are
capable of showing a reversible colour change from a redox reaction [1]. Both transition metal oxides and
polymers that are electrochromic have a bandgap that changes with the insertion or extraction of ions or
electrons that is not seen in conductors or very high band gap dielectrics. Transition metal oxides are either
cathodic or anodic depending on their atomic configuration as shown in Figure 1.1(b) [1]. The most
commonly used primary electrochromic material is tungsten oxide (WQOs), which has been widely used as
a material in electrochromic devices such as displays and smart windows [1]. WOs along with nickel oxide
(NiO), the most commonly used ion storage or secondary electrochromic material, have a good response
time and exhibit the biggest elementary change in transparency from the on to the off state which is

advantageous for display and smart window applications[1].
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Figure 1.1: (a) Schematic of a five-layer electrochromic device. (b) Cathodic and anodic
electrochromic metal oxides in the periodic table. This figure was published in Thin Solid Films, Vol.
564, C.G. Granqyvist, Electrochromics for Smart Windows: Oxide-based thin films and devices page
5-7, Copyright Elsevier (2014). [2]

Regarding electrochromic polymers, there are two main classes: viologens and conducting polymers [3],
[4]. Viologens are compounds with the chemical formula (CsHsNR),™" as the monomer unit and their
subsequent derivatives [3], [4]. The best made viologen devices are displays that have very short switching
times and exceptionally long device lifetimes [3], [4]. The most commonly used conducting polymer in
electrochromic devices is PEDOT:PSS (poly(3,4-ethylenedioxythiophene) polystyrene sulfonate) [3], [4].

PEDOT:PSS and other conducting polymers are known for their good efficiency and colour tunability [3],
2



[4]. However, after many switches these devices are known to degrade in performance [3], [4]. Devices
made with metal oxides, on the other hand, have shown to be stable over a wide temperature range along
with good electrical and chemical stability over a long lifetime [1]. Both PEDOT: PSS and metal oxides,

specifically WO; and NiO, are used to make devices in this research.

1.2 Polymeric Electrochromic Displays

Electrochromic displays have many applications including image and data displays and flexible/disposable
displays [1], [5]. The latter application in particular calls for cheap fabrication over large areas as well as
mechanical flexibility [1], [S]. The most common electrochromic materials are metal oxides. However, in
general these are not mechanically flexible and are costly and more difficult to fabricate at a high throughput
over large areas [3], [4]. Organic materials are cheaper and easier to fabricate in solution in large batches
[3], [4]. They also have a high degree of tunability in terms of the exact colour change that the
electrochromic material can undergo compared to transition metal oxides [3], [4]. PEDOT:PSS is the most
extensively studied of the conductive polymers as mentioned in Section 1.1. It has a high colouration
efficiency and optical modulation and is easy to fabricate in large batches [3], [4]. It is also mechanically
flexible. However, its electrical conductivity is low which can lead to long switching times and high turn-
on voltages [3], [4]. Long switching times decrease the rate at which information can be displayed and
high turn on voltages increase the amount of energy that these devices use. Adding indium tin oxide (ITO)
transparent electrodes can help with the switching time and turn-on voltage of the device. A schematic of
this PEDOT:PSS flexible device is shown in Figure 1.2. The primary and secondary electrochrome are the
same material in this case. In this way, the display can be reversible and both sides can be used. However,
ITO is not ideal for flexible, inexpensive devices because it is costly and brittle, the former causing it to
lose conductivity with repeated bending [6]. More flexible materials that can be used as transparent

electrodes must be researched and studied for these devices.

Adding conductive dopants or nanoparticles to the PEDOT:PSS in order to improve the conductivity could
also improve switching times and, voltages and may also make the PEDOT: PSS conductive enough to not
need a transparent electrode at all [3], [4]. However, this requires extensive study as the dopant should not

significantly compromise other performance metrics of the displays as well as affect the lifetime or stability



of the device. This research will study both replacing ITO with a flexible electrode and mixing conductive

nanoparticles into the PEDOT:PSS in order to improve flexible electrochromic devices on plastic and paper.

Figure 1.2: (a) Schematic of a flexible PEDOT:PSS electrochromic display.

1.3 Electrochromic Smart Windows

Windows can transfer ten times more heat than that of the same area of an insulated wall [7], [8]. This heat
gain from windows in buildings results in one billion dollars’ worth of energy to be wasted across the

province of Ontario every year [9]. This wasted energy also creates unnecessary greenhouse gas emissions

[9].



A smart window, or smart glass, can be used to manage the light and heat transfer across a window by
altering its transmission properties, usually through the application of a voltage, as shown in the photo in
Figure 1.3(a), where 2/3 of the panels are turned on and 1/3 of the windows are left off. The market for
smart windows has been consistently increasing with the market set to reach $5 billion in 2030 [10] (Figure
1.3(b)). As such, it is highly desirable to use materials that are cheaper and outperform current technology
in window coatings [11]. There are several technologies to implement smart windows, the most common
of which are liquid crystal, suspended particle and electrochromic [12]. Liquid crystal-based windows
switch from a transparent state to a cloudy, opaque state [12]. This technology is best suited to privacy
windows as it cannot be in a semi-transparent state like a suspended particle or electrochromic device. Of
these latter two technologies, electrochromic is the more promising. It has the lowest haze, lowest operating
voltage required to switch the window, and the best on/off transmittance ratio of any smart window device

[12].

The ideal spectral profile of a window is dependent on the outdoor conditions. Figure 1.4(a) shows the
wavelengths that are given off by the sun and transmitted through the atmosphere to the earth’s surface
(blue curve). The visible region for wavelengths visible to the eye is in the range from 400 nm to 700 nm.
Solar heat is considered to be at the wavelengths beyond this, the majority of which occurs in the near
infrared region (NIR) which spans from 780 nm to 2500 nm [13]. Room temperature heat occurs further
into the infrared region from 5000 nm to about 30,000 nm (red curve) and peaks around 10,000 nm [13].
In all seasons, the window should be transparent to visible light from the sun and block these longer IR
wavelengths from room temperature sources. In summer, NIR wavelengths from the sun should be blocked
from entering the window as well, to prevent the NIR radiation from heating the building. However, in
winter, this solar heat is beneficial and thus the window should be transparent to NIR wavelengths.
Therefore, in variable climates like Canada where it is very cold in the winter and hot in the summer, a
window coating that can alter its NIR transparency depending on the outdoor temperature is highly
advantageous. Low-E coatings only block longer infrared regions from leaving buildings. Switchable
window coatings that can alter their transmittance in the NIR can reduce building energy costs by up to

25% [14][15].
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Figure 1.3: (a) A smart window installed in a building with 2/3 of the panels in the on state and the
other 1/3 in the off state [2] (b) future market projection of smart windows [10].



The vast majority of electrochromic smart windows use metal oxide layers such as ITO and fluorine-doped
tin oxide (FTO) as the transparent electrode [2]. Although they have good transparency in the visible
region, these layers have much lower transparency in the NIR range, which blocks much of the solar heat
that could otherwise enter a building in the winter. As will be shown in Chapter 5, an ITO layer that is 96%
transparent in the visible is only 35% transparent at a wavelength of 2500 nm. Because two ITO electrodes
are used in a smart window, the electrodes alone can block most of the radiation in the NIR region. FTO
has even lower transparency than ITO in the NIR [16]. Therefore, solar heat gain in the winter is limited.
Replacing the metal oxide layers with alternative transparent conductive materials that are more transparent
in the NIR would lead to higher energy efficiency. The high cost of ITO is also an issue. A schematic of
the transparency of the smart window in the on and off state, in hot and cold climates, is shown in Figure

1.4(b).
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Figure 1.4: (a) The solar spectrum (blue curve) that is transmitted through earth's atmosphere and
the ideal spectral selectivity in both hot and cold weather. (b) Schematic of a smart window showing
an active layer between two transparent electrodes. Ideally the window should transmit NIR
wavelengths in the winter, when the window will be in the off-state, and block NIR wavelengths in
the summer (on-state). Transmission of larger longer IR wavelengths are blocked in either state.



1.4 Transparent Electrodes

Transparent electrodes are a required component of electrochromic devices to create an electric field across
the active layer, while at the same time being transparent to the desired electromagnetic radiation
wavelengths that will transfer through or reflect from the device. Most electrochromic devices use doped
metal oxides as the transparent conductor, most commonly indium ITO, but FTO and aluminum zinc oxide
(AZO) are used as well [17]. ITO can have a relatively low resistivity (e.g. sheet resistance of ~30 Ohm/sq)
while being transparent in the visible (> 85%) [17]. These metal oxides are far from ideal, however. They
are deposited using either a pyrolytic process or high vacuum process at high temperatures using specialized
equipment. This, combined with the high cost of indium, makes ITO expensive. Furthermore, deposition
on plastic substrates, like the commonly used polyethylene terephthalate (PET), is limited to temperatures
<150 °C[18]. As this is far lower than the ideal deposition temperature (~ 300 °C), metal oxide resistivities
on plastic substrates are worse than on glass [19]. Metal oxides are also brittle, and thus not ideal for up-
and-coming flexible electronic applications; the films crack upon repeated bending, causing resistance to
increase [20]. A less discussed disadvantage of metal oxides is their low transparency in the near infrared
(NIR) region, which as briefly discussed above, limits the amount of solar heat that can pass through an

electrochromic window in the winter.

Transparent electrodes are also widely used in many other optoelectronic applications including touch
panels [21], liquid crystal displays[22], light emitting diodes [23] and solar cells [24]. Metal oxides are
predominantly used in these applications as well, but due to their drawbacks and the advancement of
nanomaterials and processes, several materials have been studied as possible alternative transparent
conductors. These include carbon nanotube networks, graphene, conductive polymers, and metal
nanostructured grids and meshes. Many of these options are cheaper, printable and mechanically flexible.
Each of these materials will be briefly reviewed in Section 1.4.2. But first we define the important metrics

used to evaluate transparent electrodes: transmittance, haze, and sheet resistance.

1.4.1 Transparent Electrode Figures of Merit & Characterization Techniques

Transmittance

When light from a light source encounters an object or sample, the incident light can be transmitted,
absorbed or reflected. The ratio of transmitted light to incident light is defined as the total transmittance of

the object, T, typically stated as a percentage. It is measured with a light detector that consists of a material
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sensitive to the wavelength of light from the light source. The transmittance of an object can vary in
response to the wavelength of the incident light. Hence, when reporting the value of transmittance for an
object, the wavelength must be mentioned. Typically, when the transmittances of devices or films in this
work are discussed, the wavelength will be at 550 nm, in the middle of the visible spectrum, unless
otherwise stated. The wavelength of 550 nm is used as this is the wavelength that the human eye is most
sensitive to [25]. Additionally, the transmittance given is that of the film-only, not the film plus the glass
or plastic substrate, unless otherwise stated. In this, the total transmittance T is measured with an
integrating sphere. The sphere is represented by the black semicircle in Figure 1.5. The total transmittance
is defined as T = Tq + Ts where T is the diffuse transmittance (light detected that is transmitted through
the sample but scattered away from normal incidence) and T is the specular transmittance, taken at normal

incidence.

T

Detector

Sample

Figure 1.5: Schematic of the experimental setup used to measure the transmittance and haze of
a sample.

Haze

For applications such as electrochromic displays and smart windows, the electrode’s haze is important as it
affects the quality of the image or the amount of distortion we see when we look through the device. Haze

is defined as

Haze:%:’;—d (1.1)
t t



An acceptable value for the haze measurement of a window or display is typically < 10% [39-41].

Sheet Resistance

Sheet resistance is a common measure to determine how electrically conductive a film is and is the
predominant way to characterize the resistance of transparent electrodes. It is related to resistivity through

Equation 1.2:

— PL _RsL
R= =2 (1.2)

where W is the width of the film, L is the length of the film along which current flows, t is the film thickness,
p is the material resistivity, and R is the sheet resistance of the film. Thicknesses of films can be difficult
to measure or even impossible to define in some cases, thus sheet resistance where film thickness are not
needed is the industry standard. Defining a thickness is particularly difficult for electrodes made up of
nanowires, nanotubes or grids because the “film” is not uniformly thick. Sheet resistance has the units of
Q/sq. It is most commonly measured with a 4-point probe system. The system consists of 4 probes all in
the same plane with the same spacing between each probe. The two outer probes are used to apply a current
and the induced voltage is measured between the two inner probes. This avoids the contact resistance issues

incurred in a 2-probe measurement.

Due to the randomness of the nanowire films in this work, five measurements using different orientations

of the substrate over 4 different samples were averaged to calculate the sheet resistance of each sample.

1.4.2 Alternative Transparent Electrode Materials

There are currently a few noteworthy materials that have been proposed for substitution of ITO in devices.
They include carbon nanotubes, graphene, transparent conductive polymers, metal grids, and random

meshes of metallic nanowires. These are discussed below.
Carbon Nanotubes

Transparent electrodes can be formed when carbon nanotubes are deposited as a random mesh. The electron
mobility of a single nanotube has been shown to reach more than 100 000 cm?/Vs [26]. Even though the
current must flow from one nanotube to the next, the junction resistances of overlapping nanotubes has
been shown to be very high [27]. This results in quite poor sheet resistance (eg. >1000 €/sq at 90%

transparency [28]). Additionally, when carbon nanotubes are synthesized, both metallic and semiconductor
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tubes are formed, and it is not easy to separate these different tubes. The semiconducting tubes have a high
resistance and hence do not contribute much to overall film conductivity, while at the same time lower

transparency [17].

Graphene

Graphene is made up of a film of hexagonally bonded carbon atoms that are only one atom thick. Because
of the very low thickness of the graphene, the transparency in the visible and NIR is high. Graphene has
the capability of adding external dopants in order to increase film conductivity [29]. However, fabricating
a single sheet of graphene over large areas is expensive and requires chemical vapour deposition [30].
Furthermore, because of the high deposition temperature it cannot be directly fabricated on most flexible
substrates. Transferring from a growth substrate over to a flexible substrate is an option, but this is complex
and would be difficult to scale. On flexible substrates it is more common for an electrode to consist of
overlapping graphene flakes. These films are much thicker and the resistance at the junctions between
flakes is on the order of several kQ [6] Hence, the sheet resistance is not good enough to be used in most

applications.

Conductive Polymers

Transparent conductive polymers are highly flexible, low cost, and light weight. They have been integrated
into industrial devices. The most common transparent conductive polymer is PEDOT:PSS which has been
used and studied extensively in organic electronics. However, it is not as conductive as ITO at a given
transparency (eg. 400 €/sq at 85% transparency [31]) and does not have long lifetimes. Additionally, it
has poor transparency in the NIR region. For example, a PEDOT:PSS transparent electrode that is 85% in
the visible is only 27% transparent at a wavelength of 2500 nm [32].

Metal Nanostructures

Metal nanostructured grids are a good alternative material to metal oxides as a transparent conductive film.
The dimensions of the grids can be easily controlled in order to change the sheet resistance of the film.
They can have as high a transparency in the visible as ITO, at an even lower sheet resistance [33]. However,
they are fabricated using lithography which is expensive and not easily scalable to large areas, making metal

grids inappropriate for flexible electrochromic devices.
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1.5 Silver Nanowire Electrodes

A major focus of this work is to research an alternative transparent electrode to metal oxides for
electrochromic devices that is cheaper, simpler to deposit, has a deposition temperature compatible with
plastic substrates, can tolerate mechanical strain, and is more transparent in the NIR. For reasons to be
outlined in Section 1.5.2, silver nanowire networks are identified as the most promising technology. These
networks are composed of wires that are 30 ~ 120 nm in diameter and 3 to over one hundred micrometers
in length [34]. They are synthesized and stored in a solution until they are printed in a random network on
a substrate as shown in Figure 1.6. The nanowires overlap each other and form junctions in order to create

an electrical pathway for electrons to flow from one side of the network to the other.

Figure 1.6: If the density of nanowires on a substrate is high enough, a conductive path can exist
from one side to another. And because only a fraction of the surface is covered, the film is visibly
transparent [schematic courtesy of former groupmate Alexandra Madeira].

1.5.1 Synthesis of Silver Nanowires

There are several methods to synthesize silver nanowires, but in recent years the polyol method has
become the most popular and is widely used in industry due to its simplicity, low cost and high yield
[35], [36]. There are variations in the method, but a typical one involves a solution of ethylene glycol
(EG), poly (vinyl pyrrolidone) (PVP), and NaCl (salt) heated to an elevated temperature (~170°C)
[35], [36]. A mixture of silver nitrate (AgNOs3) and EG is slowly added to this first solution [35], [36].
This creates Ag" ions which in turn forms Ag nanoparticles. The PVP has a stronger interaction with

the Ag {100} planes and passivates them [35], [36]. This results in a slowing down of the addition of
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silver onto these surfaces. This means the {100} facets grow much quicker than {111}, leading to the
growth of a one-dimensional wire structure as shown in Figure 1.7 [35], [36]. The end result is
crystalline silver nanowires with a pentagonal cross section, with five twin planes extending along the
length [35], [36]. The nanowires have an orientation along the <110> direction, the sidewalls are
{100} planes, and the two ends of the nanowire are bounded by {111} facets [35], [36]. Some control
over diameter and length is achievable, with diameters being as small as 20 nm and lengths being up

to 150 wum or more [35], [36].
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Figure 1.7: Crystallographic facets of silver nanowires grown via the polyol method [35].

1.5.2 Properties of Silver Nanowire Electrodes

Silver nanowire electrodes have been identified as the most promising alternative to metal oxide electrodes
[34] and have many advantages. Silver nanowires can be synthesized in solution in large batches, then
casily printed as electrodes in atmosphere using high-throughput roll-to-roll methods, at room temperature
if desired. Random meshes of nanowires are printed using standard solution deposition techniques such
as rod coating or spray coating [34]. As is always the case for transparent conductive materials, there is a
trade-off between conductivity and transparency — at higher nanowire densities, the conductivity improves

but the film is less transparent.

Unlike carbon nanotubes, all the nanowires are metallic, and the overlapping nanowire junctions can be
sintered or welded to achieve relatively low junction resistances. As will be shown in Chapter 2, the
resulting sheet resistance and transparency values of silver nanowire networks are similar to ITO on glass,
and better than ITO on plastic. Figure 1.8 compares the sheet resistance and transparency of silver
nanowire electrodes to other alternative materials. Silver nanowire electrodes have better sheet

resistance and transparency compared to copper nanowire networks, graphene, CNT networks and
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conductive polymers liked PEDOT:PSS [32]. Lithographically-defined metal grids can have a better
sheet resistance but, as mentioned above, are not appropriate for flexible electrochromic applications
due to its high cost and limited scalability.

Silver is costly and the estimated material cost to synthesize silver nanowires is $32.50/g [37], much
higher than the cost per weight of ITO of $2.40/g [38]. However, only very little silver nanowire mass
is required to fabricate an electrode, especially for the high transparency electrodes used in
electrochromic devices. Khaligh et al estimated that a 50 €2/sq silver nanowire electrode had a material
cost of $0.70/m?, versus $1.60 for ITO of the same sheet resistance [22]. Furthermore, the fabrication
cost of nanowire electrodes is cheaper and more convenient than ITO as they can be deposited using

scalable, high-throughput solution deposition techniques in atmosphere and room temperature.
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Figure 1.8: (a) Sheet resistance vs transmittance in the visible for alternative transparent conductive
materials. These alternative materials do not have as high of a transmittance and low of a sheet
resistance as silver nanowire networks [39]. (b) Many transparent conductive materials are
fabricated to have high transparency in the visible region, however, the transmittance of many
transparent conductive materials in the near infrared is low [40].

Since the fabrication of silver nanowire networks can be completed at low or even room temperature, it is
fully compatible with plastic substrates. The nanowire networks are highly flexible, and it has been shown
by several groups that they incur very minimal resistance increase after being put under repeated strain [41].
For example, after 500,000 cycles of being put under 4% strain, the sheet resistance of a silver nanowire

electrode increased by < 20%, compared to > 100,000 % for ITO [42].

Another advantage of silver nanowires which has so far received minimal attention is their high

transparency in the near infrared region. This is not only highly desirable for smart window applications
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but for other applications as well such as multi-junction solar cells, photodetectors for biosensing [43] and
switchable electrochromic devices for optical communications [44]. The transmittance of ITO and other
metal oxides decreases exponentially at wavelengths above 1000 nm, due to the surface plasmon resonance
(the collective oscillation of free electrons in the conductive band) (Figure 1.8(b)) [45]. Silver nanowires
have a plasmon resonance as well, but it is in the UV region of the electromagnetic spectrum, causing silver
nanowires to be much more transparent in the NIR region than ITO. Additionally, as shown in Figure 1.8(b),
the transparency of silver nanowires is far superior in the NIR than alternative materials at a given sheet
resistance. Carbon nanotubes and graphene have a slightly higher transparency at NIR wavelengths, but
their sheet resistance is poor. It will be shown in Chapter 5 that silver nanowire networks that are 96%
transparent in the visible, for example, can have transparency as high as 94% at a wavelength of 2500 nm

(compared to 35% for ITO).

In summary, silver nanowire electrodes address the many issues of ITO for electrochromic devices: they
are less expensive, have a simple low temperature roll-to-roll compatible fabrication process, have similar
sheet resistances on plastic compared to glass, are mechanically flexible and have high transparency in the

NIR region in addition to in the visible.

1.6 Silver Nanowire Electrodes in Electrochromic Devices

Silver nanowire transparent electrodes have received much attention in the past decade and have been
demonstrated for use in many devices such as solar cells [24], organic light emitting diodes [23], liquid
crystal displays [46] and transparent heaters [47]. Several companies including Lenovo and LG have used
silver nanowire networks as the transparent electrode for commercial devices, namely touch sensors in PCs
and tablets [48]. Research on the use of nanowire electrodes in electrochromic devices, however, is limited
and more study is needed on appropriate passivation materials, how the electrodes affect electrochromic
device performance, and how to design the electrodes to improve this performance. Below we review the
literature of silver nanowires in devices relevant to this work: PEDOT:PSS electrochromic displays and in

electrochromic smart windows.
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1.6.1 Silver Nanowires in PEDOT: PSS Electrochromic Displays

To date, there have been a few studies that have made PEDOT:PSS based electrochromic displays/devices
using silver nanowire networks as the electrodes. Lin et al. made such a device that operated in transmission
mode (changes its transmittance instead of reflectance upon the application of a voltage) [49]. However,
the PEDOT: PSS was separated from the AgNWs by an electrolyte layer which could lead to longer
switching times and higher switching voltages due to the PEDOT:PSS not having direct contact with the
much more conductive AgNW electrode. Also, they only showed characterization results for the first 10
cycles of operation. Lee et al. also successfully used AgNW electrodes to make a PEDOT:PSS based
electrochromic device, in this case one operating in the reflectance mode. It had an excellent reflectance
difference between the on and off states, but this dropped by 20 percentage points after 500 cycles. It is
now well known from this and other application areas that silver nanowires corrode [50], causing device

performance to degrade over time. Passivation of the nanowire electrodes is critical for their real-world use.

A few subsequent PEDOT:PSS-based electrochromic studies did passivate the AgNW electrodes, resulting
in far more stable devices. Both Kim et al. and Deng et al. used graphene encapsulated AgNW electrodes
in PEDOT:PSS electrochromic devices [20], [51]. Kim’s device has a transmittance modulation (AT) of
15% and showed that the electrochromic properties stayed consistent throughout 500 cycles. Deng’s device
had a AT of 20% for up to 10,000 cycles whereas the AT of a device using unpassivated nanowire electrodes
reduced to 5% after only 10 cycles. Yu et al. used PMMA as a AgNW network passivation [52]. A layer
of PEDOT:PSS and a gel electrolyte were used to fabricate an electrochromic device with these passivated
electrodes in transmittance mode. The transmittance modulation was found to be 18% with switching on
and off times of 8.5 and 6 seconds, respectively. The device also showed a high degree of stability over
200 off/on cycles with the transmittance change undergoing next to no difference between the 1% and 200®
cycle. However, improvement can be made on the optical modulation or change in transmittance of the
device as it only changed by 18% where other studies have shown better. Additionally, the surface
roughness of the PMMA on AgNW films were not measured. If this is large, it can result in device

performance issues.

The above works show the promise of using AgNW networks in PEDOT:PSS based electrochromic
devices, but more study is needed before AgNWs can be used in industrial applications. Most papers,
especially the ones where a passivation is used, focus on the fabrication, properties of the nanowire

electrode and only use the device as a demonstration, with little discussion of the device performance and
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how the nanowire electrode effects it. No direct comparison of silver nanowire networks versus ITO in
PEDOT:PSS devices in terms of all electrochromic figures of merit including stability, lifetime, turn-on
voltage, switching time, colour change, and change in reflectance has been reported, and will be completed
in this thesis. Secondly, a recent review paper by Huang et al. on nanowire electrodes in electrochromic
devices identified long-term stability, surface roughness and performance reproducibility as key issues [53].
As mentioned in the paragraph above, graphene has been shown to be an effective passivation material, but
in both cases, it was deposited by chemical vapour deposition which is costly, difficult to scale to larger
substrates, and is highly inconvenient given that all other components of the device can be deposited by
solution processible techniques in atmosphere. Also, graphene lowers the transmittance of AgNW
electrodes without improving their conductivity, since the conductivity of graphene is so much lower than
that of AgNW networks. For the PMMA passivated AgNWs, there was no long-term study of the change
in sheet resistance. This needs to be done in order to show the long-term viability of the AgNWs since
AgNWs can oxidize over time. Additionally, as mentioned above, the surface roughness of the PMMA on
AgNWs could be high. This can lead to short circuiting in a device. In this work, an inexpensive, solution-
processible, scalable, polymeric passivation layer is coated over our AGNW networks to solve all three of
the problems of stability, surface roughness and reproducibility. Thirdly, the mechanical properties of
PEDOT:PSS based electrochromic devices with AgNW electrodes have not been directly compared to
devices with ITO electrodes; the ITO electrode devices have just been stated to be insufficient. In this
thesis, PEDOT:PSS devices made with ITO and passivated AgNW electrodes will have their mechanical

properties compared and contrasted directly.

A limitation of PEDOT:PSS as an electrochromic material is its low conductivity. To improve the
conductivity of PEDOT:PSS itself and thus improve switching time, operating voltage, and current density,
Gomes et al. mixed several conductive different conductive additives with PEDOT:PSS [54]. Out of the
conductive fillers tested (graphite, graphene, silver nanowires and antimony doped zinc oxide), AgNWs
were the most promising because they improved the sheet resistance of the PEDOT:PSS film the most with
very little transparency drop. It was shown that mixing in AgNWs improved the conductivity, current
density, and transition time of the device, though the change in absorbance was lower compared to pure
PEDOT:PSS. The purpose of this paper was to compare conductive additives and did not focus on AgNWs.
Thus films and devices made from mixed PEDOT:AgNWs were not fully characterized nor explored.
Neither the effect of AgNW concentration nor the effect of NW diameter or length on the properties of the
films and device performance was studied. Oxidation of the AgNWs was brought up as a concern but
strategies to minimize it were not studied. The promise of mixing PEDOT:PSS with AgNWs in the

electrochromic layer warrants further study and will be done so in Chapter 4.
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1.6.2 Silver Nanowire Electrodes in Smart Windows

Silver nanowires have been reported as the transparent electrode in several smart windows technologies.
When integrated into a smart window based on polymer dispersed liquid crystals, the window was desirably
more transparent in the on-state and less transparent in the off-state compared to the same device using ITO
electrodes [22]. The turn-on voltage was also less. Regarding electrochromic windows, there have been a
few studies that have examined integrating silver nanowire electrodes into tungsten oxide devices [55]—
[57]. The nanowire electrodes had improved sheet resistance at the same transparency as [TO, resulting in
a significant improvement in the switching time and the optical modulation in the visible region. For
example, Mallikarjuna et al. used graphene oxide coated AgNW electrodes in WO3 smart windows and
found that the switching time improved from 15 seconds to 9 seconds, compared to the same devices with
ITO [20]. Zhou et al. successfully used unpassivated silver nanowire electrodes for a non-ion storage
containing electrochromic smart window and reported that the electrodes increased the transmittance
modulation between the on and off states to 57% compared to 43% when ITO was used [56]. These studies
provide evidence that silver nanowire networks are a viable alternative to ITO in smart windows. Not only
can NW networks be cheaper and easier to deposit than ITO, but the smart windows built on them can have

better performance.

One performance aspect that has not been investigated in detail with regards to window performance
metrics is the higher NIR transparency of AgNW networks compared to ITO. As was mentioned in Section
1.3, using a transparent electrode that is more transparent than ITO in the NIR can improve energy
efficiency in varying climate locations like Canada where the outside temperature can vary between -40C
and +40C. Figure 1.9 shows the ideal electrochromic smart widow operation in the summer and winter.
The window should block some visible radiation and this solar heat in the summer and allow high visible
and solar heat (NIR wavelengths) transmission in the winter to reduce building heating costs. However, if
the transparent electrode is not very transparent in the NIR region, like ITO, much of the solar heat is
blocked by the two electrodes. An electrode material that is very transparent in the NIR, like AgNW
networks, will permit more solar heat to enter a building. The AgNW electrodes will not sacrifice cooling
efficiency in the summer as NIR wavelengths will be blocked from the active layer of the electrochromic

device when in the on-state.
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Figure 1.9: In both summer and winter, the electrochromic window should be semi-transparent to
the visible. However, in the summer (a) the electrochromic window will be in the on state to reflect
some visible and NIR wavelengths, while in the winter (b) the electrochromic window will be in the
off state, allowing visible and NIR transmission to assist in the heating of the building.
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Figure 1.10: An electrochromic window in the winter/off-state using (a) ITO and (b) AgNWs as the
transparent electrodes.

The increase in the NIR transparency could be as high as 40 percentage points, just by replacing the ITO
with silver nanowire networks while the transparency in the visible remains the same. This is illustrated in
Figure 1.10 for a device with ITO electrodes (a) and silver nanowire network electrodes (b). Additionally,
using AgNW electrodes could allow for devices to be fabricated on flexible substrates and then in turn

retrofitted to existing windows, lowering the cost significantly instead of installing a new window.

The transparency of silver nanowire networks in the visible region has been extensively studied, and there
exists a few papers on their transparency to infrared wavelengths > 5 um [58], [59]. However, there are no
studies focusing on the properties of silver nanowire networks in the NIR region. Therefore, in Chapter 5 a
study will be completed showing how nanowire networks can be designed to maximize their NIR

transparency, and in Chapter 6, how the NIR transparency can improve the performance of electrochromic
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smart windows will be investigated. Additionally, the lifetime and stability at high and low temperatures of
smart window devices with passivated AgNW electrodes has yet to be studied and will also be looked into

in Chapter 6.

1.7 Electrochromic Device Characterization Techniques & Figures of Merit

The performance of electrochromic devices using AgNWs will be assessed through the typical figures of
merit used for electrochromic devices. These are: colouration efficiency, colour change, response time,
transmittance on/off ratio and cycle life. Cyclic voltammetry, cyclic amperometry, ellipsometry, and
spectrophotometry are characterization techniques used to acquire the figures of merit. Each of these will

be described briefly below.

1.7.1 Characterization Techniques — Electrochromic Films & Devices

In order to test the optical and electrical properties of electrochromic films and devices, cyclic voltammetry
(CV) is required. It is noted that in electrical engineering, C-V plots often refer to capacitance-voltage
measurements and J is used for current density. However, in electrochemistry and this work, the CV
abbreviation strictly refers to cyclic voltammetry. Cyclic voltammetry is a widely known electrochemical
technique that is used for various optoelectronic devices. Cyclic voltammetry analysis mainly measures the
current that builds up in an electrochemical cell. An electrochromic cell consists of three electrodes: the
working electrode (WE), counter electrode (CE), and reference electrode (RE) [60]. The working electrode
is the sample electrochromic film being measured, the counter electrode forms a closed circuit, and the
reference electrode allows the voltage to be accurately applied to the device to measure the current. When
taking the CV curve of an electrochromic film-only (i.e. one transparent electrode with an electrochromic
film on top), the samples are placed in an electrolyte to conduct electrons or ions and measure a current.
This is illustrated below in Figure 1.11(a). For device measurements, where the entire five-layer device is
fabricated with two transparent electrodes, a primary electrochrome, ion storage layer, and solid or gel
electrolyte, it is slightly different. The counter electrode and reference electrode are connected together
and hooked up to one side of the device while the working electrode is connected to the opposite side of

the device. This is illustrated in Figure 1.11(b).
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Figure 1.11: Schematic showing the experimental setup for a cyclic voltammetry (CV) measurement
of an electrochromic film (a) and an electrochromic device (b).

During characterization, the current is measured while the voltage of the sample is ramped up to a certain
value. The voltage is then reversed, and the current is measured as the redox reaction reverses and returns
to its original state. A typical CV curve is shown in Figure 1.12(a), where the cycle direction is shown and
the peaks where oxidation and reduction occur are indicated. The curve in a cyclic voltammetry experiment
should be a closed loop. The purpose of this experiment is to determine the stoichiometry and the stability

of the redox reaction as well as to observe the presence of any intermediate molecules that may form.
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Figure 1.12: (a) The cyclic voltammogram plots voltage applied vs measured current at the
working electrode (WE). (b) The transmittance, T, of a WO; film measured in the on and off state.
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The kinetics of an electrochromic film or device is also very important. To do this, the chromoamperometry
(CA) curve must be measured. This involves applying a constant potential (at the magnitude of the
switching voltage, as determined from the CV) on the working electrode film and then measuring the
current at the working electrode versus time. This information is important for measuring switching time

and colouration efficiency of the electrochromic film or device.

Spectrophotometry measures the reflectance and transmittance over a range of wavelengths in the
ultraviolet, visible, and near infrared regions of the electromagnetic spectrum. An example transmittance
spectrum is shown in Figure 1.12(b). This provides information about the change in reflectance or

transmittance of films or devices in the on or off state.

Ellipsometry measures the reflectance at a variety of angles in the visible region of the electromagnetic
spectrum. This information is then used to measure the refractive index and extinction coefficient of thin

films.

1.7.2 Figures of Merit

Colouration efficiency

The colouration efficiency (f ) is an important figure of merit in electrochromic materials which measures

the amount of colour change that occurs per amount of charge consumed by the electrochomic device. It

is mathematically defined as

AoD
Q*A

E:

AOD is the change in the log of the transmission percentage when the device is turned on and off, Q is the

(1.5)

charge density passed through the active electrochromic layer, and A is the area of the device. The charge,

Q, can be found from the total area under the CV curve [1]. Mathematically this is represented by

Q =[Idt (1.6)
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where I is the current, and t is the time. AOD is calculated as follows
AOD = — loglo(Tb - TC) (17)

where T, and T, are the transmittance of the film in the bleached and coloured state, respectively. The
values of the transmittances are taken at the wavelength where the difference between Ty and T. is the
greatest. Higher colouration efficiencies are better. The colouration efficiency of WO; for example is

reported to be as high as 70 &/cm>C™! [1].

Colour change

The colour change between the on and off states, AE, can be used to evaluate colour contrast and help to
determine the optimal thickness of the system. A colorimeter can measure the chromaticity parameters L,
a’, and b"which are directly related to the colour of a film. It does this by sending specific wavelengths of
light that are assigned to different colours to the sample and then it is reflected back to the detector. Using
the Beer-Lambert Law, the absorbance is detected for each colour and compared to known values in a
microprocessor and then assigned the parameters L*, a*, and b*. The measurement is done in the oxidation

and reduction state 5 times for 3 different samples, and the average was taken for each parameter value.

L" is the intensity of the light or colour ranging from 0 — 100 as shown in Figure 1.13. a" is how red or green
a colour is: +a is redder while -a is greener. Finally, b* represents how yellow or blue the colour is where

+b is more yellow and -b is bluer. The values of a* and b* range from -128 to +127.

AL*=1OO

/ ISt

a"=-128 (green) b"=-128 (blue)

b"=127 (yellow)

fL-0

Figure 1.13: The chromaticity parameters to represent colour in electrochromic films.
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When calculating the colour contrast between the on and off states, the equation for AE is

AE = [(L;ed - L*ox)2 + (a;ed - a;x)z + (b:ed - b;x)z]l/z (1-8)

where the subscripts “red” and “ox” represent the electrochromic device in the reduced and oxidized state

respectively [61].

Reflectance Difference

The difference in reflectance is another well-used way to define the contrast between the on and the off

state of an electrochromic film. It is defined mathematically as

AR =R, — R, (1.9)

where R, is the reflectance of the film/device in the off state and R is the reflectance of the film or device
in the on state. The values for the reflectance are taken at the wavelength where the difference in reflectance
between the on and the off state is the largest. It is usually defined as a percentage, such as 7%. The higher
the value, the better the device performance. Values as high as 60% have been reported for polymer based

electrochromic devices [61].

Switching Time

The switching time of an electrochromic device determines how quick the smart window can change from
its bleached state to its coloured state. The typical response values reported for electrochromic devices are
on the order of five to ten seconds, depending on the materials used in the active layers and transparent
electrodes [61], [62]. The response time can be calculated accurately from the current applied to the
electrode vs time curve when the device is switched on and off. It is defined as the time it takes for the
measured current to reach 95% of its final value when the device is switched on or off [61]. This can be

improved by having high conductivity in the transparent electrode and ion conducting layers.
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Turn-On/Off Voltage

The ideal voltage window for an electrochromic material to work in is highly dependent on the materials
being used. Ideally, the on-voltage should be as low as possible to conserve the energy needed to operate
the device. The turn-on/off voltage is taken from the CV curve for the film or device. The on (off) voltage

occurs at the voltage where the current reaches its valley (peak) value as shown in Figure 1.12(a).

Transmittance on/off Differential

The transmittance on/off values are more relevant for smart windows, unlike colour change and reflectance
which are more relevant for displays. The difference in transmittance in the on and off state determines the
maximum change in transparency the window can reach. The higher this value is, the better the performance
of the window. However, it is still important to be able to see out of the window so the transmittance in the
off state must be translucent enough in the visible for the human eye to see through the window. Figure

1.12(b) shows the simulated transmittance of an electrochromic WO; film in the on and off state.

1.8 Outline of this thesis

This research investigates if and how silver nanowires can improve the performance of electrochromic
devices. In Chapter 2, after outlining how silver nanowire electrodes are fabricated and processed for this
work, non-conductive passivation materials are investigated for use in electrochromic devices. Several
non-conductive polymers are compared. The best performing one, polyurethane, is optimized as a
nanowire electrode passivation layer and tested in an electrochromic device. Its impact on parameters
including electric field uniformity, device performance and lifetime is evaluated through models and
experiments. Next, these passivated silver nanowire electrodes will be integrated and evaluated in
flexible electrochromic PEDOT:PSS displays on plastic and compared to the same devices on ITO
(Chapter 3). In Chapter 4, silver nanowires will be mixed directly with PEDOT:PSS and shown that it
improves device switching time and turn-on voltage. Additionally, passivation of the individual
nanowires that are mixed with PEDOT:PSS will be discussed and implemented. After that, Chapter 5
presents the first in-depth study on the dependence of the NIR transparency of silver nanowire networks
on nanowire diameter, length, and concentration. In Chapter 6, silver nanowire networks are used as
transparent electrodes in electrochromic smart windows and their performance, particularly their ability
to improve window efficiencies by better modulating solar heat, will be evaluated, and compared to the
same devices with ITO electrodes. Finally, in Chapter 7 the results of this work will be summarized, and

future work will be discussed.
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Chapter 2

Nanowire Electrode Fabrication and Passivation

In this chapter the fabrication process of the silver nanowire electrodes is first presented and then the
electrodes main figures of merit: sheet resistance and transmittance, are characterized. Their need for
passivation is then discussed and four polymers are considered for this purpose. The impact of the winning
passivation material, polyurethane, on the electric field above the nanowire electrode is studied both
experimentally and with modelling. Finally, the passivated nanowire electrodes are integrated into an

electrochromic display and its performance is compared to displays with unpassivated nanowire networks.

2.1 Nanowire Electrode Fabrication

Nanowire electrodes were fabricated on 2.5 cm x 2.5 cm BK7 glass (Ted Pella, # 26005, 1 mm thick) and
2.5 cm x 2.5 cm polyethylene terephthalate (PET) films (Dupont Inc., Tianjin, China, 127 um thick). Silver
nanowires dispersed in ethanol with nominal diameters of 30 nm, 70 nm, and 100 nm were purchased from
Novarials Corporation (A30UL, A70UL, and A100UL, Woburn, MA). Silver nanowires dispersed in
ethanol with a nominal diameter of 120 nm were purchased from ACS Materials (Pasadena, CA). The actual
measured average diameters and lengths with distributions for all these nanowire diameter and lengths will
be discussed in detail in Section 2.2. The longest, thinnest nanowires available were chosen for this and the
next chapter. It will be shown in Chapter 5 that networks made from longer nanowires have lower sheet
resistance, and networks made from thinner nanowires have smaller gaps between nanowires which should

result in the most uniform switching when integrated into electrochromic devices.

The nanowire solution was diluted in ethanol depending on the desired film density. The silver nanowires
were deposited on the substrates using the commonly used Mayer Rod technique (Figure 2.1): 40 pL of
nanowire solution was pipetted at one end of the substrate, which was then drawn across the substrate with
a Mayer rod (RDS #10). 4 coats were applied, with the substrate being rotated 90° between each coat to

increase nanowire spatial uniformity across the substrate.
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(@) AgNW Solution

Silver nanowires
dispersed in ethanol

Figure 2.1: (a) Mayer rod coating nanowires on a glass substrate, followed by annealing in a vacuum
oven. (b) SEM image of a silver nanowire network.

After coating on glass, the nanowire network was annealed for 30 minutes at 150 °C in a low vacuum oven
in N, atmosphere. This welds the nanowire junctions and thereby reduces sheet resistance. For nanowires
on PET, because the plastic substrate cannot tolerate temperatures around 150°C, an alternative method in
place of thermal annealing was used to weld the nanowire junctions: mechanical pressure [63]. The
electrodes were first passed once through a rolling press (MSK-HRP-01, MTI Coporation) at room
temperature (Figure 2.2(a)). The rolling speed was 5 mm/s and the spacing between the rollers was 60 um.
Then, the rollers were heated to 80°C where the PET can be softened, and the roller spacing was adjusted
to 70 um (Figure 2.2(b)). A second clean, PET substrate which was the same size as the electrode was
placed on top of the electrode. This allows for a more even pressure to be applied across the sample. The
covered electrode was then passed through the hot rollers two more times. The rolling press applies both
heat and pressure which presses and welds the AgNWs together and into the PET, resulting in a reduction

in sheet resistance and surface roughness (Figure 2.2(c)), and improves adhesion as well [63].

(b)
Silver nanowire film 80°C
PET film
_—>
PET substrate

Figure 2.2: (a) The hot-rolling machine to roll the nanowires. (b) The silver nanowire film on the
PET substrate is fed through the two rollers at 80°C in order to weld the nanowire junctions and
push the silver nanowires into the PET to lower the surface roughness. (c) An 85° tilted SEM image
of the pressed silver nanowire network on the PET film (image courtesy of former groupmate Hadi
Hosseinzadeh Khaligh).
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2.2 Nanowire Electrode Characterization

To determine the diameter and lengths of the nanowires, they were drop-cast and Mayer rod coated onto a
silicon substrate at a relatively sparse concentration of 0.5 mg/ml. Then, SEM areal images were taken at
different locations and magnifications. Using ImagelJ software along with the ImagelJ plugins Diameter]
and RidgeDetection], the average length and diameter were calculated. Diameter] adjusted the image to
become a binary image (either black or white pixels) and then calculated the average diameter of all the
NWs. RidgeDetection] measured the total length of all the NWs and then divided by the number of NWs
in the image to get the average NW length. The distribution of the nanowire diameter and length are shown
below in Figures 2.3 and 2.4, respectively. The average diameter and length along with the distribution
are additionally shown in Table 2.1.
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Figure 2.3: The nanowire diameter distribution calculated from ImageJ for nominal nanowire
diameters of 30 nm (a), 70 nm (b), 100 nm (c¢), and 120 nm (d).
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Figure 2.4: The nanowire length distribution calculated from ImageJ for nominal nanowire
diameters of 30 nm (a), 70 nm (b), 100 nm (c¢), and 120 nm (d).

Table 2.1: The nanowire diameter and length distributions calculated from ImageJ for nominal
nanowire diameters of 30 nm, 70 nm, 100 nm, and 120 nm.

Diameter (nm) Length (um)
30nm 49 + 15 88+19
70 nm 72+8 88+ 36
100 nm 123+24 86+ 31
120 nm 144 1+ 20 22175
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In order to determine how transparent the silver nanowire electrodes are, the transmittance was measured
using a Perkin-Elmer 1050 Spectrophotometer. The measurements were performed at normal incidence
with an integrating sphere at wavelengths of 400 — 800 nm. The transmittance of the substrate was
subtracted from the total transmittance in order to determine the transparency of the nanowires alone. The
resulting spectra are shown in Figure 2.5(a). Electrodes made with a higher nanowire concentration have
a higher nanowire density and are thus less transparent. The dip in transmittance at lower wavelengths
occurs from the collective oscillation of electrons from the surface plasmon resonance in silver, that occurs
at a wavelength of 375 nm for 30 nm diameter silver nanowires [64]. Otherwise, the transparency across

the visible range is quite flat. The properties of the transmittance in the near infrared (NIR) region will be

discussed in Chapter 5.

The sheet resistance of the AgNW electrodes was measured using a four-point probe (Osilla, Sheffield,
UK) as explained in Section 1.4.1. The resulting sheet resistance and transparency values at a wavelength
of 550 nm are shown in Figure 2.5(b). The numbers above each point in the plot represent the concentration
of silver nanowires in solution used to make the nanowire electrode. The sheet resistances were measured
5 times per sample and 5 samples were measured with a four point probe. The averages over all 25 of those
measurements are show in the plot. As with any transparent electrode, there is a trade-off between
conductivity and transparency. Denser networks of nanowires have higher conductivity (lower sheet

resistance) but lower transparency.
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Figure 2.5: (a) The transmittance vs wavelength of nanowire transparent electrodes on PET made
using solution concentrations ranging from 1.5 - 3.5 mg/ml. (b) The sheet resistance vs transmittance
in the visible (550 nm) for nanowire electrodes on PET made using concentrations ranging from 1.0
—4.0 mg/ml.
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The performance of nanowire electrodes will be compared to ITO in Chapter 3. The transparency of the
ITO (on PET) used was 88%, with an average sheet resistance of 45 Q/sq. As such, a concentration of 3.0
mg/ml on PET was selected for this and the next chapter as it also has a transparency of 88%, with an

average sheet resistance of 27 Q/sq.
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Figure 2.6: The haze for 30 nm diameter silver nanowire networks in the visible region at a
concentration of 3.0 mg/ml.

Another important parameter of transparent electrodes is haze (defined and discussed in Chapter 1.6). The
value of haze of a material is considered good enough to see through if it is less than 10%. Our chosen
concentration meets the requirement of having a haze value of < 10% across all visible wavelengths (Figure

2.6) in order for objects on the other side of the electrode to not appear blurry.

2.3 Nanowire Electrode Passivation

2.3.1 The need for Passivation

Bulk silver is well known to oxidize over time. Deignan et al. showed that AgNWs also corrode due to
reactions with hydrogen sulfide and carbonyl sulfide in the atmosphere [50]. In as little as two weeks,
spherical particles appear on the surface of the nanowires (Figure 2.7(a)), and after longer time the
nanowires can become discontinuous (Figure 2.7(b)). This of course has negative effects on the

performance of AgNW electrodes. The conductivity of AgNW electrodes left in atmosphere decreases over
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time and can become non-conductive after periods as short as 6 months [50]. It is important to increase the
longevity of AgNWs because of the recent increasing interest in using AgNW networks as a replacement

for ITO.

a) b)

Figure 2.7: (a) Silver nanowire degradation after just two weeks in ambient conditions. (b) More
significant silver nanowire degradation after 60 days in ambient conditions (both images courtesy
of groupmate Geoffrey Diegnan).

Once the AgNW celectrodes are integrated into devices, there are additional issues that can affect their
stability and lifetime. One potential issue is Joule heating. Kaligh et al. showed that when a constant current
density of 17 mA/cm? was applied across a AGNW electrode, the electrode would fail to be conductive after
a time as short as two days [65]. However, in our smart window and electrochromic display devices, unlike
other devices like solar cells, this should not be as prominent of an issue as the measured current densities
from the CV curves, as will be seen later in the chapter and in chapter 3, are in the range of 0.1 — 0.5
mA/cm?. However, even with the low current densities, the repeated cycling of an electrochromic device
will still accelerate the oxidation/sulfidation of AgNWs. During cycling the voltage applied on the
electrode is switched between positive to negative, causing electrons to be continually taken to and away
from the silver in the nanowires. When Ag" ions are formed, they are much more susceptible to form silver
oxide or silver chloride, both of which are non-conductive and significantly reduce the conductivity of the

silver nanowire network.

Another problem associated with the electrochromic devices fabricated in this and the next two chapters, is
the use of the conductive polymer, PEDOT:PSS specifically. Mayousse et al. show that the sheet resistance
of AgNWs covered in a layer of PEDOT:PSS will have its sheet resistance increase by a factor of 480%
after a period of 2 years [66]. This was attributed to the low pH of PEDOT:PSS (pH = 2.5) and the tendency
of PEDOT:PSS to absorb water, which is known to accelerate the oxidization of silver.
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Our goal is to provide protection for the silver nanowire electrodes from sources of oxygen and sulfur as

well as PEDOT:PSS in order to increase their lifetime when used in devices.

2.3.2 Silver Nanowire Passivation Methods

There exist many studies on different types of passivation of AgNWs in order to improve their lifetime.
The vast majority coat the AgNW network with an electrically conductive material. For example, for
electrochromic displays and smart windows using AgNW electrodes, passivation materials that have been
used include reduced graphene oxide, conductive polymers and molybdenum disulfide [20], [67], [68]. In
one paper where nanowire electrodes were used in an electrochromic device, the authors stated that the
nanowire passivation layer should be conductive in order for the electrode to be conductive between the
gaps in the nanowire network (since the nanowire network is not a continuous film like ITO), to avoid the
so-called “blooming effect” [68], [69]. The blooming effect is when there is non-uniform switching. Of
specific concern would be a lower degree of colour switching at the locations above the nanowire gaps.
However, in this chapter, it will be shown that even with a non-conductive passivation layer, electrochromic

switching is uniform to the eye.

Using a non-conductive material as the passivation layer opens up a far wider choice of passivation
materials, and as such, materials that are cheaper and easier to deposit do not reduce the transparency of the
electrode and are mechanically flexible can be chosen. Transparent polymers are the perfect choice as they
meet the just-mentioned criteria. There exists one study in the literature where an electrochromic device
used a non-conductive polymer overtop the silver nanowires in the electrode [70], but the polymer
(polyimide in this case) was mixed with the nanowires rather than coated on top. This mixing approach
lowers conductivity of the nanowire network since the non-conductive polymer inhibits electrical contact
between nanowires. And because the purpose of the polyimide in this study was to increase adhesion and
AgNW dispersion, rather than reduce AgNW degradation, lifetime tests (i.e. resistance vs time) were not
conducted. Other studies using AgNW electrodes for other types of devices have coated non-conductive
polymers over nanowire networks, but in many cases the polymer layer was thick (> 500 nm) [71], [72]. A
thick polymer is okay for some applications, like transparent heaters [47], but inappropriate for
electrochromic devices as it would increase the voltage required to obtain a given electric field. In other

cases, a polymer was coated over a nanowire network on glass or PET, cured, then the resulting
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nanowire/polymer composite was peeled off the glass with the polymer as the new substrate [72]—[74]. The
top surface of the AgNW network remains exposed so it can make electrical contact with the device layer.
However, the peeling process is finicky and not amenable to scaling. Lastly, all works study only one
passivation material, and it is difficult to compare between studies since they use different thicknesses and
ageing conditions. Since different device applications require different properties (eg. material
compatibility with the active material, flexibility, transparency in the NIR), having a selection of passivation

materials is useful.

2.3.3 Passivation Requirements

In order to be a viable passivation layer for smart window and electrochromic display applications, there
are several requirements that should be met:

(1) The passivation layer should not reduce, or only minimally reduce, the in-plane conductivity of the

electrode.

(2) The electric field generated between the electrodes must also not be significantly reduced so that
the ions in the active layer can still move from one side of the device to the other. Therefore, it is
necessary for the passivation layer to remain thin enough for the electric field not to fall off
significantly while still acting as a barrier layer to the PEDOT:PSS, oxygen and other ambient
elements (Figure 2.8(a)).

(3) The passivation layer should be very transparent in the visible, and for smart window applications

transparent in the NIR range as well to allow the passage of solar heat in the winter (Figure 2.8(b)).

(4) The passivation material should be inexpensive to synthesize and deposit. Ideally the deposition
method should be scalable and solution-processible to align with the advantages of nanowire

electrode fabrication.

(5) Since the nanowire electrode is mechanically flexible and, in the case of electrochromic displays,
the PEDOT:PSS is also flexible, the passivation layer should also be flexible to enable a flexible

device.
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(6) The passivation layer should lower the surface roughness of the AgNW network. If the AgNW
network is too rough, the device could short circuit and cause other problems such as the layers
being deposited on top of the electrodes being non-uniform in thickness. The passivation layer
should fill the holes between the nanowires in order to reduce the average surface roughness R,

(Figure 2.8(c)).

(7) The passivation material should not react and should otherwise be compatible with the active layer

on top.
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Figure 2.8: Some requirements of the passivation layer for the silver nanowire network are for it to
(a) be thin so as not to significantly reduce the electric field generated between it and the other
electrode, (b) have a high transparency (>90%) in the NIR and, (c) decrease the surface roughness of
the network.

Four transparent polymers that meet the above requirements were identified. Poly(methyl methacrylate)
(PMMA), cyclotene, polyurethane (PU), and an optical adhesive (OA) will be studied for their passivation

effectiveness.

2.4 Fabrication of Passivated Electrodes

2.4.1 Synthesis of Passivation Solutions

To synthesize PMMA solution, 0.5 g of poly(methyl methacrylate) (Aldrich, 200336) was mixed with 9.5
g of anisole (Aldrich, 123226) in a 20 ml glass vial to form a 5 wt% solution of PMMA. The solution was
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then stirred at 75 °C for 1 hour while covered with aluminum foil. The molecular weight of PMMA used
was chosen to be 15,000 kg/kmol. This was to ensure the PMMA molecules would fit between the NW

spacings.

To synthesize PU, 1.0 g of polyurethane (BASF, Raygloss) was mixed with 9.0 g of chloroform (Aldrich,
C2432) in a 20 ml glass vial and stirred for 2 hours to ensure uniform distribution of the PU in the

chloroform.

To synthesize cyclotene, 2.0 g of cyclotene (Dow Chemicals, 3022-35) was mixed with 8.0 g of mesitylene
(Sigma Aldrich, M7200) in a 20 ml glass vial to form a 20 wt% solution of cyclotene. The solution was

covered and stirred at room temperature for 2 hours.

To synthesize the OA, 1.0 g of an optical adhesive (Norland, NOA 83H) was mixed with 9.0 g of acetone
in a 20 ml glass vial to form a 10 wt% solution of OA. The solution was covered and stirred at room

temperature for 2 hours.

2.4.2 Fabrication of Passivated Electrodes

Passivation layers were deposited on top of the AgNW electrodes using spin coating. This method allows
the polymer to fill the spaces between the nanowires resulting in a smoother electrode surface. A deposition
method that would instead be more conformal to the nanowire network would result in an undesirably
rougher surface. For electrochromic devices, it is preferable for current to be able to flow between the active
layer and the electrode, so a passivation layer thickness of ~150 nm was used as it resulted in the top
surfaces of some of the nanowires to remain exposed or only minimally covered. Furthermore, as mentioned

above, a thin polymer layer is desired to achieve a larger electric field in the device.

To achieve a layer thickness of ~150 nm, the spin coating parameters and polymer solution viscosities were
chosen accordingly. The coating speed was 3000 RPM, and the spin time was 60 seconds. After spinning,
PMMA passivated electrodes were annealed at 180 °C for 90 seconds on a hot plate and cyclotene films
were annealed at 150 °C for 3 minutes on a hot plate. Short annealing times were used as 30 nm diameter

silver nanowires become morphologically unstable during extended anneals above 150 °C. PU and OA
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passivated electrodes were cured using a UV oven (Norland, Traydex-18 UV/Visible Oven) for 180
seconds. A Bruker Dektak XT stylus profilometer was used to determine the thickness of each passivation
layer. For these thickness measurements, each passivation layer was spin coated on a 2.5 cm x 2.5 cm x
0.5 mm thick silicon wafer piece and cured using the same conditions as above. The thicknesses were
measured to be 140 nm, 135 nm, 158 nm, and 142 nm for PU, OA, cyclotene, and PMMA, respectively.
The thickness measurements were not done directly on the AgNW electrodes on PET as the surface
roughness of the PET is high. Additionally, adding the AgNWs make the surface roughness even higher
so this would make the thickness measurements inaccurate. Silicon wafers are atomically smooth so it was

considered to be more accurate.

2.5 Characterization of Passivated Electrodes

2.5.1 Imaging and Passivation Effectiveness

Figure 2.9(a) shows a cross-sectional SEM image of a PU layer deposited on silicon, without nanowires.
The thickness matches what was measured with the profilometer. Figure 2.9(b) shows an 85° tilted SEM
image of the AgNW network passivated with a 140 nm thick layer of PU (the image quality is poor due to
electron charging of the PU). It is seen that some AgNWs remain exposed on their top surfaces to allow
electrical current to flow into and out of the nanowires, as required in some optoelectronic devices including

electrochromic displays. The PU still covers most of the NW surfaces to achieve a passivation effect.

Figure 2.9(c) shows an SEM image of unpassivated AgNWs after 3 months left in air under room light. As
with Figure 2.7(a) and Figure 2.7(b), there is clear formation of spherical particles and breaking up of the
nanowires. Top-down imaging of the passivated electrodes in the SEM is not easy due to electron charging
in the non-conductive layer, so optical images of these samples were taken instead. Figure 2.9(d) shows an
optical microscope image of the PU-passivated AgNWs left under room light and in ambient air for two
weeks. We can see that the PU did not affect the distribution of the NWs. Although the ageing time is quite
short, there is little evidence of AgNW breakdown. The passivation effectiveness is assessed more

concretely with lifetime resistance measurements.
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Figure 2.9: (a) SEM image of a polyurethane film on a silicon substrate. (b) SEM image of a PU-
covered 30 nm AgNW network showing that the PU does not cover the entire network, allowing
current to flow into and out of the nanowires. (c) SEM image of an aged silver nanowire electrode
without passivation (d) An optical microscope image of a silver nanowire electrode passivated with
polyurethane.
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Figure 2.10: Change in sheet resistance of nanowire electrodes with various passivation layers and
no passivation layer. (b) is of the same plot as (a) but with a zoomed-in y-axis.

The sheet resistance of bare nanowire electrodes on PET versus electrodes passivated with the four different
polymers was tracked for 190 days (Figure 2.10). 4-point probe measurements were avoided since repeated
measurements can cause damage [75]. Therefore, a strip of silver conductive paste (Ted Pella Inc.) was
painted along two opposing edges of each square electrode (before deposition of the polymer for passivated
samples), and the resistance was measured throughout the time period with a multimeter and converted to

sheet resistance. The samples were then left under laboratory lighting and in open air.

The unpassivated electrode became completely non-conductive after a period of just 45 days. The cyclotene
performed the worst of the passivated electrodes by becoming non-conductive after a period of 160 days.
However, the electrodes passivated with PMMA, OA, and PU, remained conductive after the full 190 days.
The sheet resistance increased by 657%, 86%, and 81% for PMMA, OA, and PU, respectively. The starting
sheet resistances for these samples was 14, 7, and 8 €/sq, respectively. The final sheet resistance of the
PMMA was measured to be 106 €/sq. This is a little bit too high for most device applications. However,
the OA and PU final sheet resistances were only 13 and 14.5 ©/sq. Both of these values are very acceptable

to maintain a high quality of device operation.

2.5.2 Transmittance, Haze, Roughness and Adhesion

In order to make sure the transparency of the passivation layers is high throughout both the visible and NIR,
the transmittance of the four passivation layer candidates was measured using a Perkin-Elmer 1050

spectrophotometer. The measurements were performed at normal incidence from 250 — 2500 nm and with
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the passivation layers deposited on glass. The transmittance of bare BK7 glass was subtracted from the
total transmittance in order to determine the transparency of the passivation layers alone. The results are
shown in Figure 2.11(a). The transmittance is nearly identical for all four passivation candidates and
remains high (> 94%) and constant across the visible and NIR. The transmittance of the PU and OA are
97% and 95.5% at 550 nm, and 96% and 96% at 2500 nm.
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Figure 2.11: (a) The visible and near-infrared transmittance of the four candidate passivation
materials. All materials have transmittance >94% across the visible and near infrared regions. Inset:

the same plot zoomed-in on the y-axis. (b) Haze of the nanowire electrodes with and without
passivation.

Since PU and OA are the most effective passivation materials, according to the lifetime resistance results,
most of the subsequent characterization was performed on only these two materials. Figure 2.11(b) shows
the haze of PU and OA-passivated and unpassivated AgNW electrodes in the visible region. Haze is mainly
relevant in the visible as it is associated with how blurry the transmission is to the human eye. The
unpassivated nanowire network has a haze value below 6% across the entire visible region. This is
considered acceptable as a haze of < 10% is the standard for a translucent film to be considered a good
product in industry. When the OA passivation layer is added, the haze increases to 7 — 10%, still within
the acceptable limit. However, when PU is deposited as the passivation layer, the haze actually decreases,
potentially due to the electrode surface being less rough than the bare nanowires. And compared to OA,

PU has slightly higher crystallinity and is a smaller molecule than OA which may cause less scattering.
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The adhesion of the AgNWs to the surface of the substrate is also of importance as AgNWs can peel off
with disturbance to the material. AgNW electrodes were deposited on PET substrates at a concentration of
5.0 mg/ml and two samples were subsequently passivated with either PU or OA. A standard way of testing
the adhesion of a film to a substrate is the Scotch tape test. Here, a piece of Scotch tape is pressed with
finger pressure onto the film and then removed. For electrical measurements, a strip of silver conductive
paste was placed on each side of the 2.5 cm x 2.5 cm PET substrate after nanowire coating and before

polymer deposition.

The resistance of each sample before and after the tape test is shown below in Table 2.2. First to note is the
initial sheet resistances; the deposition of PU only increased the initial resistance (i.e. compared to the
unpassivated electrode) slightly to 12 €/sq, and the resistance remained unchanged for the OA passivated
sample. This shows that the passivation layer has minimal to no effect on the conductivity of the electrodes.
After the tape test, the resistance of the unpassivated sample increased greatly, by 640%, whereas that of
the PU-coated sample increased by only 17% and that of the OA-coated sample remained unchanged. This

demonstrates that the passivation materials are effective in improving adhesion.

Table 2.2: The change in sheet resistance using the Scotch tape test of silver nanowire electrodes on

PET before and after passivation.

Unpassivated PU OA

Initial R, (Q/sq) 10 12 10

R, after tape test 640 14 10
(Q/sq)

Another important metric of the electrodes is surface roughness. Nanowire electrodes have much higher
surface roughness than I'TO which, if unaddressed, will cause device performance issues. It can cause active
layers deposited on top to have non-uniform thicknesses, it can create non-uniform electric fields, and in
more extreme cases create an electrical short between the two electrodes causing the device not to work at

all. A 150 nm layer of PU can fill in the spaces between the AgNWs in order to reduce the surface roughness.

A Bruker Dimension Fast Scan atomic force microscope using a FastScan head at a sample frequency of

0.497 Hz using a sampling rate of 256 lines/sample was used to measure the surface roughness of passivated
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and unpassivated AgNW electrodes. The scan area was 20 um x 20 um. The raw data was flattened and
the root mean square (RMS) surface roughness Ry, which is the weighted root mean square average of the
distance between peaks and valleys, was calculated directly using the Nanoscope Analysis 1.8 Software.

Rmax was also collected, which is the distance from the largest peak to the largest valley in the scan area.

The first sample measured was glass only, to be used as a reference point. Ry was found to be 0.901 nm
(Figure 2.12(a)). When a 30 nm AgNW film was coated on top at a concentration of 1.0 mg/ml, Ry increases
to 26 nm with a Rmax of 346 nm (Figure 2.12(b)). Figures 2.12(c) and (d) show the AFM height images
when layers of OA, and polyurethane, respectively are placed on top of the 30 nm AgNW electrodes. The
Rq and Ruax values on glass are shown in Table 2.3, OA only minimally reduced roughness, whereas PU

reduces it more.

Table 2.3: The average surface roughness (Rq) and max peak to valley height (Rmax) for unpassivated
and passivated AgNWs on glass at a concentration of 1.0 mg/ml.

Glass Only Glass w/ NWs Glass w/ NWs Glass w/ NWs +
+PU OA
Rq 0.901 nm 26 nm 16 nm 25 nm
Runax 32 nm 346 nm 241 nm 268 nm

42




4.5 nm 1259 nm

-64.3 nm

40 pm

113.1 nm 76.7 nm

-83.3 nm -47.1 nm

40 um

40 um

Figure 2.12: AFM images for silver nanowire samples on glass for (a) glass only, (b) silver nanowires,
(c) silver nanowires with an optical adhesive passivation layer, and (d) silver nanowires with a
polyurethane passivation layer.

If we make similar samples, but this time on PET, Rq and Ruax increase. This is explained by the fact that
Rq and Rpax for bare PET are 16 nm and 230 nm (Figure 2.13(a)). When a AgNW film was coated on top
at a concentration of 1.0 mg/ml, Ry increases to 28 nm with a Ruyax of 276 nm (Figure 2.13(b)). Figures
2.13(c) and (d) show the AFM height images when layers of OA and polyurethane, respectively, are placed
on top of the AgNW electrodes. The Ry values are found to be 33 nm and 13 nm for OA and PU,
respectively. Additionally, the Rmax values are calculated to be 304 nm and 192 nm. These are all
summarized in Table 2.4. OA actually resulted in a roughness increase, whereas PU reduced both Rqand

Rmax .
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Table 2.4: The average surface roughness (Rq) and max peak to valley height (Rmax) for unpassivated
and passivated AgNWs on PET at a concentration of 1.0 mg/ml.

PET Only PET w/ NWs PET w/ NWs PET w/ NWs +
+PU OA
Ry 16 nm 28 nm 13 nm 33 nm
Rumax 230 nm 276 nm 192 nm 304 nm

(a) , (b)

100.3 nm 122.7 nm

-60.8 nm -79.3 nm

4.0 um

(d)

1242 nm 73.3 nm

-124.2 nm -55.2 nm

4.0 um 4.0 ym

Figure 2.13: AFM for silver nanowire samples on PET for (a) PET only, (b) silver nanowires, (c)
silver nanowires with an optical adhesive passivation layer, and (d) silver nanowires with a
polyurethane passivation layer.

In an attempt to reduce the surface roughness further, the passivated electrodes were attempted to be
fabricated in an alternative way. They were first spin coated the polymer first on bare PET, then deposited

the AgNW network on top of the polymer. Hot rolling was then used to press the AgNWs into the polymer.
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Figures 2.14(a) and (b) show the AFM height images when layers of OA and polyurethane, respectively
are placed underneath the AgNW networks. The resulting surface roughness parameters are shown in Table
2.5. There was no improvement in the surface roughness compared to when the passivation layers were
deposited on top of the nanowires, and thus this strategy was not used going forward. When comparing the
roughness of PU vs OA passivated nanowires, PU is the superior choice with lower Rq and Rpmax than OA

on both glass and PET.

Table 2.5: The average surface roughness (Rq) and max peak to valley height (Rmax) for unpassivated
and passivated AgNWs on PET at a concentration of 1.0 mg/ml with the passivation layer on the
bottom.

PET w/ NWs +PU | PET w/ NWs +
OA
Ry 18 nm 33 nm
Rimax 210 nm 428 nm

148.0 nm 96.2 nm

-136.2 nm

4.0 pm 4.0 um

Figure 2.14: AFM images of silver nanowire networks on PET pressed into a layer of (a) optical
adhesive and (b) polyurethane passivation layer. This approach did not improve the roughness
compared to spin-coating the polymers overtop the nanowire networks.
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2.5.3 Strain and Bending

Mechanical flexibility is becoming more desired in electronic devices such as bendable and rollable
displays and wearables. As briefly mentioned above, one advantage of nanowire electrodes versus ITO is
that they are bendable and even stretchable [72], [76]. Therefore, passivated nanowire electrodes should be
as well. Both stretching and bending tests were performed. For the strain cycling tests, AgNWs at a
concentration of 5 mg/ml were deposited on TPU (thermoplastic polyurethane, Bemis, ST-604). TPU was
used as the substrate as it is stretchable, unlike PET which is not elastic. The AgNWs were then annealed
in a vacuum oven at a temperature of 80 °C for 30 minutes. The lower temperature was required as the
TPU thermal budget is not high enough to anneal at the optimal temperature of 150 °C for 30 nm diameter
AgNWs. PU and OA solutions were spin coated on top of two of the AgNW networks after a strip of silver
conductive paste (Ted Pella Inc) was placed on two opposite edges of the 2.5 cm x 2.5 cm substrate. The
samples were mounted in a linear stage (Zaber Technologies, X-LHM150A) which stretched the three
samples to 20% strain and then reduced the strain back to unstrained for 300 cycles. During the test, a
multimeter (Siglent Technologies, SDM3045X) was connected to each side of the linear stage where an
electrical contact between the linear stage and sample was made. Figure 2.15(a) shows the change in sheet
resistance over time for the unpassivated and passivated samples, represented as R/R,. The unpassivated
electrode had a sharp increase in sheet resistance to 2R, after the first few cycles. After the full 300 cycles,
the sheet resistance was 3.5R,. For the OA passivated sample, the sheet resistance stays at 1.5R, for the
first 125 cycles. However, it then undergoes a sharp increase and finishes off close to 3.5R, which is very
similar to the unpassivated AgNWs. The PU passivated AgNWs have the best performance of the three
samples. The sheet resistance undergoes almost no increase in sheet resistance and stays at R = R, over the
entire 300 strain cycles undergone by the sample. A similar test was done using 5 mg/ml of 120 nm
diameter nanowire networks, but all the samples broke and the sheet resistance became very large for both
passivated and unpassivated samples. This implies that 120 nm AgNWs are more brittle when it comes to
strain. This is because smaller nanowire diameters show a better hardening with less grain boundaries [77].
Along a grain boundary, nanowires are more likely to fracture when undergoing strain [77]. Hence, the
Young’s modulus is higher for the 30 nm nanowires compared to the 120 nm nanowires. It is therefore

more favourable to use thinner AgNWs.
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Figure 2.15: (a) Stretching tests: the change in sheet resistance of nanowire electrodes with PU, OA,
and no passivation layer during strain cycling to 20% strain. Bending tests: (b) photos of the
nanowire electrode in the normal and bent position on the linear stage. The change in sheet resistance
of 30 nm (c) and 120 nm (d) nanowire electrodes with PU, OA, and no passivation layer (the “No
Passivation” sample was annealed, and the “Pressed” sample was hot-rolled) during bend cycling to
an angle of 80°.

Bending tests were performed where both 30 nm and 120 nm diameter AgNWs were deposited on PET.
One unpassivated sample was annealed at 150 °C with no hot rolling. A second unpassivated sample, called
the “pressed” sample, was rolled once at room temperature and then hot rolled twice at 80 °C. For the
passivated samples, the AgNW electrodes were also pressed in this same manner, and then a layer of PU
or OA was spin coated on top of the AgNWs. The samples were then mounted in the linear stage and
attached to the multimeter as described above. For the bending test, instead of increasing the distance of
the two contacts and creating a strain, the distance between the two contacts of the linear stage were reduced

from a separation distance of 2 cm to 1.5 cm.
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This created a bending angle of 80°. Images of the films in the bent and unbent stage are shown in Figure

2.15(b).

It can be seen in Figure 2.15(c) that for all samples, the sheet resistance increases steadily over a period of
300 cycles. As expected, the unpassivated/unpressed AgNWs increased a significant amount to SR..
Pressed AgNWs performed much better as the hot rolling helped with the adhesion of the AgNWs to the
substrate. Surprisingly, the OA passivated sample faired the worst, with a final value of almost 7R,. The
best performing sample proved to be the combination of hot rolled AgNWs that were passivated with PU.

The 120 nm diameter unpassivated AgNWs in Figure 2.15(d) perform worse than the 30 nm AgNWs as the
sheet resistance increases to R = 9R, after the 300 bending cycles compared to R = 7R, for the 30 nm
AgNWs. Thinner AgNWs are known to have more flexibility so this explains the smaller increase in sheet
resistance. The pressed and pressed + PU AgNWs perform the best again as the sheet resistance only
increases to 1.5R, after the bending cycles. The OA performs better for the 120 nm wires compared to the
30 nm wires by only increasing to 3R, after the 300 cycles. However, still overwhelmingly the consensus

is that the pressed + PU passivation technique works the best for both 30 nm and 120 nm AgNWs.

A tensile tester (Instron 5548 Micro-tester) was used to collect stress/strain curves of PU and OA films
(with nanowires) on TPU. The PU had a higher Young’s modulus (10 100 N/m?) compared to OA (6400
N/m?) and hence can tolerate a higher amount of stress. This helps explain why the PU has better mechanical

properties than the OA.

2.5.4 The Preferred Passivation Solution

The preferred passivation solution used going forward will be PU. In nearly all tests it performed the best
of all polymers investigated. It had the lowest increase in resistance after more than 6 months by only
increasing by 81%. It is 96% transparent across both the visible and NIR, and reduced the haze compared
to an unpassivated electrode. The in-plane conductivity of the electrode only minimally increased after
passivation. The PU reduced the surface roughness, the adhesion of the nanowires to the substrate, and
improved the mechanically properties of the electrode. It is an inexpensive polymer and can easily be
deposited using various scalable solution-deposition techniques, then quickly UV cured for quick and easy

integration into a fabrication process.
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2.6 Electric Field Simulations

In addition to the properties discussed above, it is important that the passivated nanowire electrodes do not
interfere with or degrade the performance of the device they are integrated into. For the displays and smart
windows this passivation is designed for, as well as other devices such as touch panels and e-paper, the
electric field needs to remain high to assist in switching. Also of concern is uniform switching. Unlike ITO
which is a continuous film, the AgNW electrode is not, with gaps on the order of 1 um between nanowires.
Because PU is non-conductive it does not increase the conductivity between nanowires. Thus, the
uniformity of the electric field and in turn the uniformity of switching above the nanowire electrode needs

to be assessed. These issues are investigated in this subchapter both through modelling and experiment.

The electric field profile of electrochromic devices with passivated and unpassivated nanowire electrodes
are modelled in Lumerical (Ansys Ltd). The devices modelled match the experimental devices used in
Section 2.7 and Chapter 3 and will be discussed in more detail there. The device layers with and without a
PU electrode passivation are shown in Figure 2.16(a) and (d), respectively. PEDOT:PSS is the
electrochromic material and a gel type electrolyte called LITFSI: Emim TFSI (Lithium
bis(trifluoromethanesulfonyl)imide I-ethyl-3-methyl imidazolium bis(trifuloromethanesulfonylimide)),

mixed with 40 wt% PMMA and 5 wt% of TiO; nanoparticles, was the electrolyte in the middle.
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Figure 2.16: Schematic of an electrochromic device (not to scale) with an (a) unpassivated and (d)
passivated nanowire electrode. The E-field throughout the (b) unpassivated device and (e) passivated
device. Magnification of the bottom electrode in an unpassivated device (¢) and passivated device (f).

The Lumerical CHARGE software as part of the Lumerical (Ansys Ltd) Suite was used to simulate the
electric properties of the electrochromic device. To build the AgNW electrodes, a grid was built with a
nanowire diameter of 30 nm and periodicity of 500 nm. This grid spanned a total area of 5 ym x 5 um.
The electrical conductivity of the silver was set at 6.3 x 107 S/m. A voltage of 1.0 V was applied to one of
the grids, with the grid on the other side of the device set to ground. PEDOT:PSS is a semiconductor and
the parameters used were: dielectric permittivity € = 13.7, electronic bandgap E;= 1.11452 eV, intrinsic
carrier concentration n; = 1.05 x 10'°cm??, effective mass of electrons and holes m,= 0.8098 and my=1.18,
electron and hole carrier mobility w,= pn= 1 cm?/Vs [78], carrier lifetime 1,= 3.3 ps and 1, = 4.0 ps, and
electron doping concentration Np= 8 x 1022 cm™[78][79]. The thickness of the PEDOT:PSS layer was 800

nm.

The LITFSI:Emim TFSI electrolyte layer was simulated as a gel dielectric layer. The layer thickness was
40 um. The dielectric permittivity was set as € = 8, density p = 1.52 kg/cm?, and viscosity v = 0.035 Pa*s
[80].
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For the passivated AgNWs, the PU layer was simulated as a very wide bandgap semiconductor since to see
E-field profiles in CHARGE, the material must be simulated as a semiconductor. The parameters were set
as: dielectric permittivity € = 3, electronic bandgap E, = 10 eV, effective carrier mass of electrons and holes
m, = my = 1, electron and hole carrier mobility pn= pn=0.001 cm?/Vs, and a complex refractive index n =

1.3+0.011 [81].

An electric field monitor was setup to inspect the static electric field across the device. The voltage on the
electrode is chosen to be 1.0 V because this was found to be the operating voltage for our electrochromic
device experimentally (to be discussed in Section 2.7). The distance between electrodes for the
unpassivated device is 41.6 pm and for the passivated device 41.9 um, and as such the E-field profile along
the z-axis is nearly identical in the two devices. The E-field in the middle of the PEDOT:PSS layer is
8.2x10* V/m in the passivated devices, with the E-field in this layer being only 18% less than the
unpassivated device, at 1.0x10° V/m. In the middle of the electrolyte layer, the E-field is 4.0x10* V/m in
both the unpassivated and passivated devices. Therefore, according to the modelling, the use of a non-
conductive polymer should have little effect on the E-field throughout the device and should have no

discernable difference in device switching to the eye.

Secondly, in Figures 2.16(c) and (f), and when the plot is zoomed-in on as much as possible in the
simulation software, there is no variation in the E-field along the x-axis. There was concern that the gaps
between nanowires could cause an uneven E-field in the x-y plane above the electrode, but this does not
appear to be the case. For both the passivated and unpassivated cases, the E-field is uniform along the x-
axis. These results indicate that switching should be uniform across the device area and there is no need for

the passivation layer to be conductive.
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Figure 2.17: (a) The change in electrostatic force 150 nm above a PU-passivated 30 nm AgNW
network. (b) SEM image of a 30 nm AgNW network at the same concentration over a 20 x 20 pm
area.

Electrostatic force microscopy (EFM) was used to experimentally assess the uniformity of the electric force
above a passivated electrode. EFM is based on AFM. An AC voltage is applied to the tip, and the change
in the phase difference of this voltage is measured as the tip moves across the surface of the sample. In
order to convert the phase difference into a more useable form, the phase difference can be related to the

electrostatic force gradient through Equation 2.1:

oF _  k

I —Etan(Aé‘) (2.1)
where k is the spring constant of the tip, Q is the tip quality factor, and A is the phase difference undergone
by the applied voltage on the tip as a result of the electrostatic force applied by the sample on the EFM tip

[82].

A 30 nm AgNW network with a concentration of 1.0 mg/ml was fabricated on a glass substrate and then
two strips of silver conductive paste (Ted Pella) were placed parallel to each other on opposite sides of the
AgNW network. Electrical wire was soldered to each strip of silver conductive paste to create an electrical
contact. Then the AgNW network in between the two strips of silver conductive paste was passivated with
a 150 nm thick layer of PU. The wires were connected to a DC voltage supply and a potential difference
of 1.0 V was applied across the passivated AgNW network. A Bruker Dimension Fast Scan Atomic Force
Microscope using a FastScan head at a sample frequency of 0.497 Hz and a sampling rate of 256
lines/sample over a 20 pm x 20 pum area of the sample was used to perform the EFM. A nitride tip coated
with silicon (Bruker, SCANASYST-AIR), 115 um in length x 25 pm in width with a spring constant of k
= 0.4 N/m and a centre frequency of f, = 70 kHz, was used. The quality factor of the tip was calculated
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directly from the Nanoscope Analysis 1.8 software and found to be 219. No potential bias was applied to
the EFM tip. The tip was held at a constant distance of 150 nm above the passivated electrode surface. The
phase difference data was collected when 0 V and 1V were applied across the sample. The electrostatic
force gradient using Equation 2.1 was calculated for both scenarios. The gradient at 0 V was then subtracted
from the gradient at 1 V and the resulting electrostatic force gradient is plotted in Figure 2.17(a). The main
point to note from this plot is that the electrostatic force gradient at most drops to 0.5 of the peak value, and
in most cases less, when measured above a AgNW gap compared to directly above an AgNW, where the
electrostatic force is expected to be much stronger. Therefore, the electric force gradient or electric field
gradient is quite uniform above the electrode, and uniform switching of the electrochromic device should

be expected across the entire device area.

2.7 Performance of Passivated Electrode in Electrochromic Devices

The next step in measuring the performance of our passivated AgNWs is to integrate them into
electrochromic devices. Here, they are integrated into a commonly used PEDOT:PSS based device which
can be used as a display. Two different voltage windows were used to characterize the devices: [-1.0, +1.0]
V and [-1.5, +1.5] V. The devices are more stable at the lower voltage, but the use of a higher voltage

window can lead to a stronger colour change (AE) and reflectance values.

2.7.1 Device Performance Before Cycling

Electrochromic devices using PEDOT:PSS as the electrochromic layers and a LITFSI-based electrolyte in
the middle were prepared using 2.5 cm x 2.5 cm nanowire electrodes on PET substrates, with and without

PU passivation. The device fabrication will be described in detail in Section 3.2.
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Figure 2.18: An unpassivated nanowire PEDOT:PSS device in the off state (a) and on state (b). A
passivated nanowire PEDOT:PSS device in the off state (c) and on state (d).

Photos of the unpassivated and passivated nanowire devices are shown in the off and on states in Figure
2.18. Here, a voltage of 1.5V was used. To the eye, the passivated devices switch at least as well and as
uniformly as the unpassivated device. The colour change between the on and off states, AE, was measured
and tabulated in Table 2.6. The values of the two devices are nearly identical at a voltage of +/-1.0 V, and
at +/-1.5 V, AE is higher in the passivated device. A possible reasoning for this is the PU protecting the
oxidization and sulfidization of AgNWs from the air, which is more significant at the higher operating
voltage, a higher conductivity and thus higher current, which in turn results in more charged transferred
between the electrode and electrochromic layer. Sulfur exits in air in the form of sulfur oxides which can

come from the burning of fossil fuels [83]. More charge transfer creates a higher AE. Additionally, it is
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well known from Fresnel’s theory of reflection that the reflection can be reduced (increase in transmittance)
from a film when a coating is placed between two mediums with a refractive index between the incident
medium (PET, n = 1.64) and the silver nanowires/air (n = 1 or n = 0.13). The refractive index of PU is
1.62. A reduced reflection increases AE as it results in increased absorption. In turn, an increase in

absorption creates a larger colour change.

Table 2.6: The colour change (AE) for devices with unpassivated and passivated AgNW electrodes at
operating voltages of +/-1.0 V and +/-1.5 V, before 1000 on/off cycles.

Ag NW Electrodes (AE) Ag NW Electrodes w/ PU
(AE)
[-1.0+1.0] V 14.70 14.79
[-1.5+1.5]V 17.7 21.24

The reflectance of the electrochromic display is also an important figure of merit. The same passivated
device as described above had its reflectance measured vs time at a wavelength of 550 nm, as this is the
wavelength of light the human eye is most sensitive to, in a Perkin Elmer Lambda 35 in reflectance mode.
The Emstat 3+ potentiostat was hooked up in the two electrode device setup as shown in Figure 1.11(b).
Since the lid would not fully close with the potentiostat leads, a black fleece blanket was placed over the
spectrophotometer to prevent room light from affecting the reflectance. The reflectance change remained
constant over several cycles at a value of AR = 13% as shown in Figure 2.19(a). Additionally, the time it
took for the reflectance to change was quick as the off time was 0.2 seconds and the on time was 0.5 seconds
as calculated from Figure 2.19(b). The inset shows the device in the on state (R = 8.5%) and off state (R =

21%). The operating voltage was +/-1.5 V.
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Figure 2.19: (a) Reflectance vs time of a device with passivated AgNW electrodes on PET at a
operating voltage of +/-1.5V.

Figure 2.20 compares the reflectance of the unpassivated and passivated devices in the on and off states at
a voltage of +/-1.5 V. Compared to the unpassivated device, the passivated device desirably has a higher
reflectance in the off state and a lower reflectance in the on state, resulting in a better AR. This is due to the
law of Fresnel reflection mentioned above and aligns with the earlier result where the colour change for the

passivated device was larger than the unpassivated device at +/- 1.5 V.
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Figure 2.20: Reflectance of the PEDOT:PSS device with passivated and unpassivated AgNW
electrodes in the off and on states at +/-1.5 V.

The last figure of merit examined here is the colouration efficiency of the devices at the two different
voltages for the passivated and unpassivated devices. The description of the colouration efficiency
calculation is described in detail in Section 1.6. Table 2.7 shows the calculated colouration efficiencies.

Due to the better AR for the passivated samples, the colouration efficiency is higher. This means it takes
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less charge transferred from the electrode to the PEDOT:PSS layer in order to create the same change in

reflectance of the device.

Table 2.7: The colouration efficiencies of the unpassivated and passivated devices at operating
voltages of +/-1.0 V and +/-1.5 V.

Unpassivated (cm?/C) Passivated (cm?/C)
+-1.0V 56.62 94.95
+/-15V 28.87 37.81

In this section it has been found that the initial devices (i.e. devices before significant cycling) with
passivated electrodes outperform the unpassivated electrodes on all figures of merit tested, particularly at

the higher operation voltage.

2.7.1 Device Performance After Cycling

To compare the stability of the devices with passivated and unpassivated electrodes, the devices were
switched for 1000 on/off cycles and various measurements were taken before and after cycling. Figure 2.21
shows the unpassivated and passivated devices after cycling in the on and off states. It can be seen that the
unpassivated device has “browning” caused by oxidation/corrosion of the AgNWs (Figure 2.21(a) and (b)).
The passivated device has much less browning colour (Figure 2.21(c) and (d)) as the PU protects the
nanowires from oxidating components and the PEDOT:PSS. In Figure 2.21, the colour difference between
the off and on states of the unpassivated device is also visibly less than that of the passivated devices. Table
2.8 shows the colour change, AE, at the two different switching voltages, after the 1000 cycles (Table 2.6
shows AE before 1000 cycles), in the passivated and unpassivated devices. AE of the unpassivated devices
drop after cycling. This drop-offin AE is not seen in the passivated devices and even increases after cycling.

However, with the error and repeatability of the colorimeter, the change in AE can be considered to be none.
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Figure 2.21: Photos of symmetrical PEDOT:PSS devices after 1000 cycles of on/off switching at +/-
1.5 V with unpassivated ((a) and (b)) and passivated Ag NW electrodes ((c) and (d)) in the off state
((a) and (c)) and the on state ((b) and (d)).

Table 2.8: The colour change (AE) for devices with unpassivated and passivated AgNW electrodes
at operating voltages of +/-1.0 V and +/-1.5 V after 1000 on/off cycles.

Ag NW Electrodes (AE) Ag NW Electrodes w/ PU
(AE)
[-1.0 +1.0] V After 1000 9.36 16.61
Cycles
[-1.5 +1.5] V After 1000 15 22.42
Cycles
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CV and CA measurements were done to investigate the stability of the devices in more detail. The CV
curves of the first 5 and the last 5 of 1000 cycles of the two devices at both voltage ranges are shown in
Figure 2.22. The starting current is slightly lower in the passivated devices as expected, since the PU is
insulating and lowers the out-of-plane conductivity of the electrode by covering many NW surfaces. Thus
less current flows between the PEDOT:PSS and the electrode. However, as seen before and will see, the
important specifications of an electrochromic display, AE, AR, colouration efficiency and lifetime, are still
better with the existence of the PU. At the smaller voltage window (Figure 2.22(a) and (b)), it is clear that
the passivated devices are more stable, with the curves matching those before cycling except at the end
voltage values. The current of the unpassivated drops at all voltages after cycling and becomes lower than

the current from the passivated devices.

At the larger voltage range, the stability in both devices is worse. Before cycling, the curves have
extraneous small peaks, though the passivated curves have less. It has been noted by Gomes et al. that at -
0.5 V and +0.5 V there is a redox reaction taking place with the AgNWs [54]. After cycling, the current
drops in both devices, but in the unpassivated device there remain small peaks at +/-0.5 V from the redox
reactions of the silver nanowires. In the passivated samples, these peaks are less pronounced. The peak

current levels at +/-1.5 V after cycling are similar for the passivated and unpassivated samples.
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Figure 2.22: CV curves of PEDOT:PSS devices before and after 1000 cycles with unpassivated ((a)
and (c)) and passivated AgNW electrodes ((b) and (d)) at an operating voltage of +/- 1.0 V ((a) and
(b)) and +/- 1.5 V ((c) and (d)).

The CA plots show the current density vs time of the devices when an electric potential to turn the device
on is applied across the two electrodes, and then 30 seconds later, a positive potential is applied to turn the
device off. The CA plots of the unpassivated and passivated devices throughout the 1000 cycles are shown
in Figure 2.23. The main thing to note here is the stability of the CA plots. At +/- 1.0 V it can be seen that
there is fluctuation in the current level in the unpassivated electrode device (Figure 2.23(a)) which creates
device instability. The device with the passivated electrode is more stable (Figure 2.23(b)). At +/- 1.5V,
the current density of the unpassivated device continuously decreases over all cycles to finish at a value
below 1 mA/cm? (Figure 2.23(c)). The current density of the passivated device does not level off nearly as
severely (Figure 2.231(d)). Repeatability and stability are very important for device longevity. The

unpassivated devices are less stable due to the oxidation and degradation of the AgNWs.
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Figure 2.23: CA curves of PEDOT:PSS devices over 1000 cycles with unpassivated ((a) and (c)) and
passivated AgNW electrodes ((b) and (d)) at an operating voltage of +/- 1.0 V ((a) and (b)) and +/- 1.5
V ((¢) and (d)).

Another important parameter in electrochromic displays is switching time. The quickness of the switching
time as well as repeatability over long periods are both important. The switching times for passivated and
unpassivated devices, before and after 1000 cycles, at +/-1.0 V and +/-1.5 V are tabulated in Table 2.9. At
+/- 1.0 V, the initial switching times of the unpassivated devices are faster than those of the unpassivated
device, due to the higher currents in the unpassivated devices. However, after cycling the switching time of
the passivated electrodes are faster. At +/-1.5 V, the switching time deteriorates much more in the
unpassivated devices with cycling. Overall, at both higher and lower operating voltages, the passivated

devices have more stable switching times, and after cycling switch faster than unpassivated devices.
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Table 2.9: The on and off switching times measured from the CA when the current falls off to 95%

of its peak value, before and after 1000 on/off cycles.

Ag NW Ag NW Ag NW Ag NW
Electrodes, Electrodes, toss Electrodes w/ Electrodes w/
ton(sec) sec PU, ton (sec) PU, torr(sec)
[-1.0+1.0]1 V 1.0 3.0 3.6 3.8
Before 1000
Cycles
[-1.0+1.0]1 V 35 2.0 1.4 1.2
After 1000
Cycles
[-1.5+1.5]1 V 2.8 34 1.7 4.5
Before 1000
Cycles
[-1.5+1.5]1V 9.9 10.7 4 6.2
After 1000
Cycles

2.8 Conclusion

AgNW transparent electrodes were coated using simple, low temperature deposition techniques. The
transparency and sheet resistance values outperform ITO on PET. Four nanowire passivation candidates
were investigated and compared on several specifications, and PU emerged as the clear #1 candidate.
Unlike many nanowire electrode passivation materials used in the literature, which are typically restricted
to conductive materials, PU is cheap, can be deposited using simple and scalable techniques, is 96%
transparent across the entire visible and NIR regions, and is mechanically flexible. PU not only reduced
NW degradation and thus helped maintain electrode sheet resistance over time, it also improved haze,
adhesion, surface roughness and the mechanical properties of the electrode compared to unpassivated
electrodes. It was shown through modelling and experiment that neither the gaps between nanowires nor
the PU interferes with the ability of an electrochromic device to uniformly switch. When implemented into
a device, the passivation increased stability, and had higher AE, AR and colour efficiency than devices
without passivation. For the remainder of the thesis, only passivated electrodes will be used in devices.
Although this passivation was developed in the context of electrochromic devices, passivating silver
nanowire electrodes with polyurethane could be used for other types of devices where nanowire electrodes

are used, such as e-paper, smart windows, and displays based on other switching technologies.
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Chapter 3
Silver Nanowire Electrodes for Improved Flexible
Electrochromic Displays

In this chapter, commonly used indium tin oxide (ITO) is replaced with silver nanowire electrodes in
electrochromic displays on flexible substrates. The performance of passivated silver nanowire electrodes
against ITO electrodes is compared in terms of change in reflectance, lifetime, switching time, colour
change, and turn-on voltage. Additionally, the effect of integrating a silver nanowire network in an
electrochromic display is examined and how it affects the performance metrics of the displays. Finally, the
stability and lifetime of nanowire electrode-based electrochromic displays on disposable and flexible paper

substrates is discussed.

3.1 Introduction

The global market for flexible displays is expected to reach $39 billion USD [84] by the year 2025. It is
important for materials used in such displays to not only have great electrical and optical properties, but
mechanical properties as well. Electrochromic materials have been extensively studied for their use in
displays, with organic materials becoming more and more common. More specifically, PEDOT:PSS has
become widely studied. It is inexpensive, easy to synthesize, mechanically flexible, and easily scaled up
in order to make films over large areas [85]. All these positive points are critical to make long lasting
flexible electronic displays. The redox reaction that PEDOT:PSS undergoes when ions and electrons move

in and out of the PEDOT:PSS is:
PEDOT™: PSS~ (transparent/light blue) + Li* + e~ - PEDOT® + Li*: PSS~ (dark blue) (3.1)

where e is an electron, Li* is a lithium ion from the electrolyte, and PEDOT and PSS are the components
of the PEDOT:PSS conductive polymer [86]. A schematic showing PEDOT:PSS implemented in a device
in shown in Figure 1.2. The displays are designed to be in reflective mode and are two sided, meaning
either side can display the information. It is important for all the components in flexible electronics to be
easily scalable, inexpensive, and flexible, while maintaining their optical and electrical properties over long

periods of time. PEDOT:PSS and electrolytes, in general are good at this. However, the transparent
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electrode predominantly used, ITO, is not due to the lack of better transparent electrode materials. ITO is
costly, and unlike PEDOT:PSS and the electrolyte which can be deposited using cheap, scalable solution-
deposition processes, ITO requires expensive, high-vacuum deposition equipment. ITO has worse
resistance on flexible substrates compared to glass because lower-than-ideal deposition temperatures must
be used. Most importantly, ITO is brittle and its conductivity reduces with repeated bending [87], [88].
Because of the brittleness of the ITO, device performance will decrease drastically after undergoing strain.
As a result, the display will no longer undergo a colour change or change in transmittance/reflectance after
just a few strain cycles. The lifetime of these devices are hence poor and impractical for flexible

applications.

As discussed in Chapter 1, silver nanowires can address the above challenges with ITO. They can be
deposited using inexpensive methods such as rod coating and drop casting, and as such, along with
PEDOT:PSS and the electrolyte, the entire device can be deposited using solution deposition methods over
large areas using high-throughput roll-to-roll setups. Their material costs are lower than ITO [22] and use
low annealing temperatures (<150°C) that are compatible with plastic substrates. Most importantly, NW
electrodes retain their electrical and optical properties upon undergoing repeated strain. As reviewed in
Section 1.6.1, there exist a few studies of using silver nanowire electrodes in flexible PEDOT:PSS devices,
but not all electrochromic figures of merit including stability, lifetime, turn-on voltage, switching time,
colour change, and change in reflectance have been reported and compared directly to the same device on
ITO. Directly comparing the mechanical properties (bending/stretching) of the two types of devices has
also not been done. Lastly, most of the fabrication processes of the passivation materials used are

expensive, instead of using inexpensive, easy to deposit polymers.

3.2 Experimental

For the AgNW electrodes, 2.5 cm x 2.5 cm PET substrates (Dupont Inc., Tianjin, China, 127 pm thick)
were cleaned in subsequent ultrasonication baths with acetone, IPA, and DI water for 60 seconds each, then
dried with a nitrogen gun. AgNWs with average measured diameter and length of 49 nm and 88 um,
respectively (A30UL form Novarials Corporation, Woburn, MA), with a concentration of 3.0 mg/ml were
rod-coated and hot rolled using the same method outlined in Section 2.1. As determined in Section 2.1,

these electrodes have a sheet resistance of 30 {/sq at a transparency of 88%. A strip of silver conductive

64



paste was put along one side of the AgNW network. Then a 150 nm PU layer was spin coated on top and
UV annealed using the same process as outlined in Section 2.3. ITO coated PET with an average sheet
resistance of 60 /sq was purchased from Sigma Aldrich. These ITO samples were chosen as they have the
same transparency as my fabricated AgNW electrodes. The ITO samples were cut into 2.5 x 2.5 cm square
pieces, cleaned in subsequent ultrasonication baths with acetone, IPA, and DI water for 60 seconds each,

then dried with a nitrogen gun.

PEDOT:PSS (EL-P3165, AGFA) was mixed overnight with ethanol at a stirring rate of 1500 RPM at a
proportion of 70 wt% (PEDOT:PSS) : 30 wt% (ethanol). The solution was then ultrasonicated with a probe
sonicator continuously for 60 min at a frequency 1 kHz. Then 0.5 ml of solution was pipetted across the
top of the AgNW and ITO electrodes, making sure not to cover the silver conductive paste, and an RDS
#95 Mayer Rod was used to coat a 1200 nm thick coating of PEDOT:PSS. The film was then placed in a
petri dish on a hot plate at 130 °C and annealed for 10 minutes. To measure the thickness of the
PEDOT:PSS layer, PEDOT:PSS was coated in the same manner but on a plain silicon substrate, due to its

atomic smoothness. A Bruker Dektak mechanical profilometer was used to measure its thickness.

The electrochromic properties of the PEDOT:PSS on the electrodes (which are called “electrochromic
films”) were characterized by placing them in an LITFSI: Emim TFSI electrolyte solution (Solvionic,
E047500) and attaching them to the working electrode of a PALMSENS Emstat 3 Potentiostat. The counter
electrode was platinum (Pt) (PALMSENS, IS-2MM.PT-WE.3) and the reference electrode was Ag/AgCl
(PALMSENS, IS-AG/AGCL.AQ.RE.1). A schematic of this was shown in Figure 1.11(a).

To fabricate the complete devices, an electrolyte that can bind two electrochromic films together is required.
LITFSI: EmimTFSI with 40 wt% PMMA in butanone (Solvionic, EM023500) was mixed with 18 nm
diameter anatase titanium dioxide nanoparticles (US Research NanoMaterials Inc, Anatase, TiO»
nanoparticles) at a ratio of 95 wt% to 5 wt%. The purpose of the TiO, was to increase the contrast and
show a change in colour between the on and off state in a symmetrical electrochromic device. The
electrolyte without the TiO: is clear and no colour difference would be seen between on and off. It is noted
that TiO; is a photocatalyst but with the PU layer covering the AgNWs, there was no noted or observed
degradation directly related to the TiO,. The mixture was stirred overnight using a magnetic stirrer at a rate
of 1500 RPM. Next, the solution was sonicated using a probe sonicator to evenly distribute the
nanoparticles for 60 minutes at a frequency of 1 kHz. The solution was then stirred again at 1500 RPM for
24 hours. To deposit the electrolyte, 0.5 ml of solution was pipetted across the top of the PEDOT:PSS layer
on either AgNWs or ITO, again making sure not to make contact with the silver conductive paste. Then,
an RDS #95 Mayer Rod was used to achieve a 20 um thick layer. Two samples of
PET/electrode/PEDOT:PSS/electrolyte were then folded together and dried overnight in order to create a
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total electrolyte thickness of 40 um as shown in Figure 3.1(a). To characterize the electrochromic properties
of the devices, the working electrode of the potentiostat was connected to either the AgNW or ITO electrode
on one side of the device, and the reference and counter electrodes were connected together to the second

electrode on the other side of the device. A schematic of this was shown in Figure 1.11(b).
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Figure 3.1: (a) Schematic of the flexible electrochromic display on PET. (b) Schematic of the
flexible electrochromic display on paper.

To fabricate AGNW electrodes on paper, paper from POWERCOAT (PC Powercoat Xd 200) was first cut
into 2.5 cm x 2.5 cm pieces. The AgNWs were coated in the same manner as on the PET, then pressed
with the rolling press one time at room temperature. The subsequent hot rolling step was skipped as this
step made the sheet resistance of the nanowire film worse due to nanowires peeling off and sticking to the
warm steel rollers. The sheet resistance of these films was measured using a four point probe (Osilla,
T2001A3) and found to be 4 Q/sq. A strip of silver paste was painted along one side of the AgNW electrode
on paper. On paper, the transmittance was not measured as it is irrelevant (the paper is not transparent).
To make electrochromic films, a 1200 nm layer of PEDOT:PSS was rod-coated in the same manner above,
then annealed at 120 °C for 10 minutes. For an electrochromic device, the electrolyte cannot contain TiO,
nanoparticles as this would cause the device to be completely opaque and one would see no colour change
from the PEDOT:PSS on paper, regardless of the applied electric potential. The electrolyte used was instead
LITFSI:Emim TFSI with 40 wt% PMMA and was rod-coated overtop the PEDOT:PSS/AgNW/paper
sample in the same manner outlined above for the device electrolyte. Because paper is not visibly
transparent, a different substrate, in this case PET, was used on top. PET with a AgNW electrode was then
placed on top of the electrochromic paper with liquid electrolyte film and left to dry overnight. A schematic
of'this device is shown in Figure 3.1(b). The electrochromic film on paper and the device were characterized
using the three electrode and two electrode configurations in the same manner as for the films and devices

on PET.
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3.3 PEDOT:PSS Films: Results & Discussion

The purpose of characterizing electrochromic films only instead of just devices is to determine the ideal
electrochromic properties in an ideal three-electrode setup for the specific electrochromic layer plus
electrode on substrate. In a device, the setup is non ideal as the reference electrode is connected directly to
the counter electrode instead of being on its own, as in the three-electrode setup. We first test the
electrochromic properties of a PEDOT: PSS film on an ITO electrode using a voltage range from — 1.5V to
+0.7 V. Photos of the film in the electrolyte in the on and off states are shown in Figure 3.2(a). The AE is
23.9. Figure 3.2(b) shows the CV of the film over five cycles. The stability of the ITO slightly decreases
between -1.0 and -1.5 V as the current decreases with subsequent cycles. This can be attributed to slight
erosion of the ITO at higher voltages. With repeated oxidation and reduction of ITO, a thin layer of indium
can form from over-reduction of the ITO in the redox process [1]. This increases resistance and decreases
transparency. Additionally, ITO can also degrade when in contact with acidic films and PEDOT:PSS is
known to be acidic [1]. The CA plot over the first cycles in shown in Figure 3.2(c). The current is higher
in the on or reduction state due to the higher voltage applied (-1.5 V). The current shows little variation
across subsequent cycles. The on and off times are calculated to be 6.8 seconds and 15.1 seconds. These
are not as quick as they need to be in an ideal display due to the lower conductivity of the ITO on PET
compared to AgNW films on PET of the same transparency. Ata wavelength of 550 nm, when the on and
off voltages are applied to the film, the transparency changes by 22%. This leads to a calculated colouration

efficiency of 77.9 cm?/C.

Photos of PEDOT: PSS film on a passivated AgNW electrolyte in the electrolyte in the on and off states
are shown in Figure 3.3(a) at the same on and off voltages as used for the ITO-based samples: -1.5 V and
+0.7 V. AE of the electrochromic film is similar to that on ITO at a value of 24.3 (Table 3.1). Figure
3.3(b) shows the CV of the passivated AgNW and PEDOT:PSS film. The current density is more stable
than the film on ITO as it does not decrease as much after subsequent cycles. Additionally, the highest
current density values reached for the PU-NW electrodes is -0.2 mA/cm? and +0.4 mA/cm? compared to -
0.13 mA/cm? and +0.12 mA/cm? for ITO. The higher current in the PU-NW based devices is due to its
higher conductivity compared to the ITO. In Figure 3.3(c), the CA for five cycles is shown. The switching
on time is calculated to be 1.47 seconds, and the off time is 10.6 seconds. These times are both quicker
than the same PEDOT:PSS film on ITO, again due to the higher conductivity of the silver nanowire
electrode. As with the ITO device, the off time is much slower than the on time. This is because the

switching voltage for the off state is lower than the on state. Additionally, with each applied electric
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Figure 3.2: Film of PEDOT:PSS on an ITO electrode on PET in the voltage range of -1.5 and +0.7
V. (a) Photos of the film in the oxidized (off) and reduction (on) state (observe the colour change of
the film immersed in the liquid). (b) The CV profile for five cycles. (c) The CA profile.

potential pulse to the film, there is incomplete insertion or extraction of the Li" ions after each cycle. The
change in transmittance between the on and off states at a wavelength of 550 nm reaches a value of 22%
which is almost identical to that on ITO (Table 3.1). The CE also ends up being close but a little lower than
the film on ITO at a value of 74.2 cm?C. This is because even though the transmittance is the same, the
charge transferred seems to be slightly lower. With the exception of the slightly lower CE, the films on
AgNWs have the same performance (AE and AT) or better performance (switching time, stability) than
films on ITO in an ideal three electrode cell setup. However, practically, these passivated NW films will
be used in devices and not ideal three electrode setups. Therefore, next, we will integrate the passivated

electrodes in electrochromic displays on PET.
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Figure 3.3: Film of PEDOT:PSS on AgNW electrodes on PET in the voltage range of -1.5 and +0.7
V. (a) Photos in in the oxidized (off) and reduction (on) state. (b) The CV profile for five cycles. (c)
The CA profile.

Table 3.1: The colour change (AE), maximum change in transmittance (AT), colouration efficiency
(CE) and switching times for PEDOT:PSS film on ITO and nanowire electrodes.

AE Max AT (%) CE_(cm?/C) Ton (S€C) Toft (S€C)
PEDOT:PSS w/ 23.9 21.9 77.9 6.8 15.1
ITO
PEDOT:PSS 24.3 22.0 74.2 1.5 10.6
w/PU NWs

3.4 PEDOT:PSS Devices: Results and Discussion

3.4.1 Electrochromic Properties

Photos of the ITO and AgNW based device are shown in Figure 3.4 in the off and on states at voltages of
+1.0 V. To the eye, the switching looks uniform across both of the devices. For ITO, the AE is 11.8
compared to 14.8 for the passivated AgNWs (Table 3.2) which makes sense as Figure 3.4(d) appears to be
slightly more blue than Figure 3.4(b), indicating a deeper colour change. At an operating voltage of +/-1.5
V, there is a larger difference. For ITO, the AE is 14.8, and for the PU-NWs the AE is 21.2. The passivated
NWs are more conductive than the ITO and the PU increases their stability. This will lead to a higher
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colour change value, along with the antireflection effect from the PU coating on the NWs discussed in

Chapter 2.

(a) (b)

-

i

ITO, OFF g - ITO, ON

() (d)

Figure 3.4: An ITO/PEDOT:PSS device in the off state (a) and on state (b). A passivated nanowire
PEDOT:PSS device in the off state (c) and on state (d).

Table 3.2: The colour change (AE) for devices with ITO and passivated AgNW electrodes at
operating voltages of +/-1.0 V and +/-1.5 V.

ITO Electrodes (AE) Ag NW Electrodes w/ PU
(AE)
[-1.0 +1.0] V Before 1000 11.8 14.8
Cycles
[- 1.5 +1.5] V Before 1000 14.8 21.2
Cycles
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The same ITO and PU-NW devices had their reflectance measured from 400 — 900 nm using a Perkin Elmer
Lambda 35 Spectrophotometer in reflectance mode. An Emstat 3+ potentiostat was attached to each device
during measurement. The lid was closed and a black fleece blanket was placed over top to prevent stray
room light from affecting the reflectance. Figure 3.5 compares the reflectance spectra of the ITO (black)
and PU-NW (blue) at an operating voltage of +/- 1.5 V. The off state for both electrodes has the higher
reflectance with ITO showing a higher value. However, in the on state, the PU-NWs have a lower

reflectance. The overall change in reflectance is nearly identical. For the ITO electrodes, it is 9.41% and

for the PU-NW electrodes, it is 9.47%.
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Figure 3.5: Reflectance of the PEDOT:PSS device with ITO and AgNW electrodes in the off and on
state at +/-1.5 V.

Table 3.3: The colouration efficiencies of the ITO and passivated devices at operating voltages of +/-
1.0 Vand +/-1.5 V.

ITO (cm?/C) Passivated NW (cm?/C)
+-1.0V 13.52 94.95
+/-15V 37.73 37.81
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The third figure of merit to examine and compare between the two devices is the colouration efficiency.
The calculation is described in detail in Section 1.6. The calculated efficiencies are shown above in Table
3.3 at operating voltages of +/-1.0 V and +/-1.5 V. At turn on voltages of +/-1.5 V, the efficiencies are
nearly identical. However, at the lower turn-on voltages, there is a huge difference. The PU-NWs have a
higher efficiency at 94.95 cm?/C compared to only 13.52 ¢cm?/C for ITO. The colouration efficiencies were
averaged from several cycles and different devices. At the +/-1.0 V operating voltage, the change in
reflectance is the same. Examining Equation 1.5, this means the difference comes from the charge
transferred, Q. Because of the longer switching time for the ITO displays and the current density in the CA
not going all the way to zero, the charge transferred for the same change in reflectance is higher for an ITO
device. This leads to the drastically different results. Hence, 1.0 V will be the ideal operating voltage for
flexible displays with the PU-AgNW electrodes.

To compare the long-term stability of the devices, they were turned on and off for 1000 times. The devices
in the off and on state for ITO electrode devices are shown in Figure 3.6(a) and (b) while the off and on
state for PU-NW devices are shown in Figures 3.6(c) and (d). After 1000 cycles we can see a slight
browning around the edges of the ITO. The AE after 1000 cycles is shown below in Table 3.4. There is
minimum to no change in the AE value as for +/-1.0 V, it slightly increases from 11.8 (Table 3.2) to 12.0
and for +/-1.5 V it decreases from 14.8 to 13.6. For the PU-NW electrodes, there is also only minimal
browning in the devices after 1000 cycles and the AE shows a slight increase from 14.8 to 16.6 at the lower
operating voltage. At the higher operating voltage, there is a slight increase as well as the AE goes from
21.2 t0 22.42. This shows that both devices are stable in their colour change when operated for long periods

of time.

Table 3.4: The colour change (AE) for devices with ITO and passivated AgNW electrodes at
operating voltages of +/-1.0 V and +/-1.5 V after 1000 on/off cycles.

ITO Electrodes (AE) Ag NW Electrodes w/ PU
(AE)
[-1.0 +1.0] V After 1000 12.0 16.6
Cycles
[-1.5 +1.5] V After 1000 13.6 22.4
Cycles
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Figure 3.6: Photos of PEDOT:PSS devices after 1000 cycles of on/off switching at +/-1.5 V with ITO
((a) on and (b) off) and passivated Ag NW electrodes ((c) on and (d) off).

The CA plots, which show the current density of the electrochromic device after a potential difference is
applied across the device, of the ITO and passivated devices throughout the 1000 cycles are shown in Figure
3.7. The main thing to note here is the stability of the CA plots. At +/- 1.0 V it can be seen that there is no
fluctuation in the current density level in the ITO electrode device (Figure 3.7(a)) which shows device
stability. The device with the passivated NW electrodes is just as stable (Figure 3.7(b)). At +/- 1.5 V, the
current density of the ITO device continuously decreases over all cycles to finish at a value below 1 mA/cm?
(Figure 3.7(c)). The current density of the passivated device does not level off nearly as severely and stays
above 1 mA/cm? (Figure 3.7(d)). One reason for this is that the sheet resistance of the ITO increases after

cycling: the sheet resistance of the ITO in a device after 1000 cycles was measured and found to increase
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to 63 Q/sq from 30 Q/sq. As previously discussed, a thin film of indium can form on the surface of the ITO
over several redox cycles, which increases sheet resistance [1]. Repeatability and stability are very
important for device longevity. The ITO devices show slightly less stability at higher voltages than the

passivated NWs. However, at a lower operating voltage, they are nearly identical.
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Figure 3.7: CA curves during 1000 cycles of devices with ITO electrodes ((a) and (c)) and passivated
Ag NW electrodes ((b) and (d)) at operating voltages of +/- 1.0 V ((a) and (b)) and +/- 1.5 V ((c) and

(d)).
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Figure 3.8: CV curves before and after 1000 on/off cycles of PEDOT:PSS devices with ITO ((a) and
(c)) and passivated AgNW electrodes ((b) and (d)) at operating voltage of +/- 1.5 V ((a) and (b)) and
+/- 1.0 V ((c) and (d)).

The CV curves of the first 5 and the last 5 of 1000 cycles of the two devices at both voltage ranges are
displayed in Figure 3.8. The starting current is slightly higher in the ITO devices, since the PU of the NW
electrode is insulating and lowers the out-of-plane conductivity. Thus, less current flows between the
PEDOT:PSS and the NW electrode. However, as we have and will see, the important specifications of an
electrochromic display such as AE, AR, colouration efficiency and lifetime are similar or better with the
existence of the PU-NWs. At the smaller voltage window (Figure 3.8(a) and (b)), the NW devices are more
stable, with the curves matching those before cycling except at the end voltage values. The current of the

ITO devices drops at all voltages after cycling. At the larger voltage range, as expected, the stability in
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both devices are worse. Before cycling, the AgNW curves have extraneous small peaks from the redox
reaction of the AgNWs, which as noted before occur at +0.3 and +0.5 V. The peaks go away after 1000
cycles and the stability and performance of the device remains intact, because of the passivation. The
average current density levels drop by about 0.05 mA/cm?. In the ITO devices, the current drops by 0.08
mA/cm? on average. Thus, the passivated nanowire devices show more stability after 1000 cycles. The
ITO is less stable due to the acidity of the PEDOT:PSS layer touching the ITO, and at higher voltages, the

indium from the ITO undergoing reduction, which results in a decrease in conductivity after many cycles

[].

Table 3.5: The on and off switching times before and after 1000 on/off cycles.

ITO Electrodes, | ITO Electrodes, Ag NW Ag NW
ton(sec) torr (sec) Electrodes w/ Electrodes w/
PU, ton (sec) PU, torr(sec)
[-1.0+1.0] V 1.8 2.0 3.6 3.8
Before 1000
Cycles
[-1.0 +1.0] V 4.0 2.0 1.4 1.2
After 1000
Cycles
[-1.5+1.5]1V 1.7 6.2 1.7 4.5
Before 1000
Cycles
[-1.5+1.5]1V 20 17.5 4 6.2
After 1000
Cycles

Another important parameter in electrochromic displays is switching time. The quickness of the switching
time as well as repeatability over long periods are both important. The switching times for passivated and
ITO devices, before and after 1000 cycles, at +/-1.0 V and +/-1.5 V, are tabulated in Table 3.5. These are
collected from the CA plots and are defined as the times it takes for the current to drop or rise to 95% of its
final value during the time of the applied on or off potential. At +/- 1.0 V, the initial switching times of the
ITO devices are faster than those of the AgNW devices, due to the slightly higher initial current in the ITO
devices. However, after cycling the switching time of the NW electrodes are faster, reducing to nearly 1

second. At +/-1.5 V, the switching times of both types of devices are initially very similar, but they
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deteriorate much more in the ITO devices with cycling. Therefore, the AgNW devices have more stable

switching times at both higher and lower operating voltages over long operating periods.

3.4.2 Device Mechanical Properties

In order to test device flexibility, passivated AgNW and ITO symmetrical PEDOT:PSS devices had their
electrochromic properties measured before and after undergoing 50 bending cycles. Figures 3.9 (a) and (b)
show the electrochromic device in the unstressed position and the bent or flexed position respectively. The
bending angle was 80°. The same linear stage (Zaber Technologies, X-LHM150A) was used as the tests
in section 2.5. For the ITO device, 5 cycles of the CV and CA measurements were collected before and
after the 50 bends with the results shown in Figures 3.10. After the 50 bending cycles, both the CV and the
CA undergo a major change. The area of the CV decreases significantly, due to a drastic increase in sheet
resistance of the brittle ITO electrode with repeated bending. Examining films of ITO on PET, before and
after 50 cycles at the same bending angle as the devices, it was observed that the sheet resistance increased
from 30 €/sq to 23 000 Q/sq. With the CV curve changing to a linear line, this indicates that the device no
longer behaves like a capacitive electrochromic device. A straight line on a CV curve indicates just a
resistor. The CA shows a big change as well as the curves in Figure 3.10(b) before (solid) and after (dashed)
50 bends are significantly different. The current does not decrease to almost zero after bending as it does at
the beginning, indicating an incomplete switch of the colour has occurred. In Table 3.6, the AE is shown
for the ITO devices before bending, after 50 bending cycles, and after 250 bending cycles. The AE drops
significantly after 50 bending cycles going from 16.18 to 6.70. However, after 250 bending cycles the

colour change no longer occurs and the AE is 0.45, which the human eye is not capable of secing.
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Figure 3.9: Photos of a PEDOT:PSS device in a linear stage in the unstrained (a) and bent (b)
positions to test the flexibility performance of the devices.
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Figure 3.10: CV (a) and CA (b) of a PEDOT:PSS device with ITO electrodes before (solid line) and
after (dashed line) 50 bending cycles.

The PEDOT:PSS AgNW electrode device also had its CV and CA values measured before and after 50
bending cycles. The resulting plots are shown in Figure 3.11(a) and (b), respectively. The CV only has a
small decrease in area, which is likely related to the small increase in NW electrode sheet resistance with

bending as determined in section 2.5. Similarly, the CA almost overlaps before and after the 50 bending
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cycles. The AE of the passivated devices is almost similar to before bending as it only changes from 21.24
to 20.73. After 250 bending cycles, the passivation layer helps extensively by keeping the AE at 9.89 which
is approximately 10. This is the lowest allowable value of the AE needed to see a visible change in an
electrochromic display, compared to no noticeable difference in AE after 250 bending cycles for the ITO
device. The mechanical performance of the devices made with NW electrodes strongly outperform those

with ITO electrodes.
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Figure 3.11: CV (a) and CA (b) of a PEDOT:PSS device with passivated AgNW electrodes before
(solid line) and after (dashed line) 50 bending cycles.

Table 3.6: The colour change (AE) of PEDOT:PSS devices with ITO and NW electrodes before and
after 50 bending cycles using on/off voltages of +/-1.5 V.

AE ITO Electrodes AE AgNW w/ PU Electrodes
Before Bending 16.18 21.24
After 50 Bending Cycles 6.70 20.73
After 250 Bending Cycles 0.45 9.89
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3.5 PEDOT:PSS Films & Devices on Paper

Plastic substrates are made from petroleum products which are harmful to the environment. In order to
create cheaper and more sustainable devices that can easily be recycled or disposed of and biodegrade,
paper is an alternative. Electronic paper devices have become a hot topic over the last couple of years as
they are low cost, biodegradeable, compostable, and flexible. They have several potential applications in
the health care industry including wearable sensors, RFID, and paper displays [89]. More specifically,
electrochromic paper is also being considered as a replacement for glass and plastic. PEDOT:PSS has been
used as the electrode material in order to create electrochromic paper with three different colours [90]. ITO
has been recently fabricated on paper substrates using low frequency pulsed laser deposition where the
sheet resistance measured was 40 Q/sq and transparency of 86.6% [91]. The optical and electrical
properties are good, but the deposition requires high vacuum. Another problem is though that no electrical
measurements were performed after putting the ITO on paper under mechanical strain. Considering that
ITO on PET has a short lifetime when bent, the lifetime of ITO on paper would be similarly short. After a
thorough search of literature, it is observed that there is no literature on using silver nanowire networks on
paper as transparent electrodes for electrochromic paper. AgNW networks would be good for use on paper
as they can be deposited using cheap, scalable deposition methods that do not require vacuum or high
temperature annealing. This is important for paper which has a very low thermal budget. And since paper
is flexible, the excellent mechanical flexibility of AgNW networks is highly valuable. Thirdly, silver
nanowires can be recycled using laser ablation or sonication while recycling ITO is a much more
complicated process [92], [93]. In this section, AgNW electrodes will be used in both electrochromic paper,

and an electrochromic device that replaces one of the PET substrates with more environmentally friendly

paper.

As described in the experimental Section 2.2, the paper used was Powercoat because it has a relatively low
surface roughness for paper (average surface roughness is 2000 nm), has a high thermal budget (3%
shrinkage when heated to 200°C for 5 min), and a low moisture content. Figure 3.12(a) shows photos of
the electrochromic paper (i.e. a 3 layer stack consisting of paper with a AgNW electrode and PEDOT:PSS
on top) in the LITFSI:Emim TFSI in the oxidation (off) and reduction (on) state. There is a clear colour
switch between the on and off state. The AE was measured to be 15.67, well above the limit to see a switch
by the human eye. Figure 3.12(b) displays the CV taken with a voltage interval from -0.8 V to +0.3 V for
five cycles. The stability is quite good as the current density for all five cycles overlaps at nearly the same

level. Additionally, the magnitude of the current density, 0.2 mA/cm? and -0.4 mA/cm?, is similar to films
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on PET. The CA is shown in Figure 3.12(c). Both the on and off current density profiles remain stable
over the five cycles, outside of the first switch. This is normal as electrochromic films require a cycle or
two to level out after initial fabrication [1]. The switching times of the electrochromic paper were found to
be 2.18 seconds for the on time and 7.2 seconds. This is acceptable and comparable to the switching times

on PET measured previously in Section 3.3 and Chapter 2.
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Figure 3.12: PEDOT:PSS films on a passivated AgNW electrode using a voltage range of -0.8 and

+0.3 V: (a) photos in the oxidized (off) and reduction (on) state, (b) the CV profile for five cycles;
(c) the CA profile.

The paper-based device in the off and on state is shown in Figure 3.13(a). The AE of this device was
measured to be 9.27. This is close enough to the acceptable limit to notice a colour change detectable by
the human eye. Figure 3.13(b) shows the CV between -1.0 and +1.0 V. Here, there is clear stability of the
current density, even though the current density is slightly lower than the devices on PET. This agrees with
the colour change being lower than the PET devices. This could be from more light scattering as the paper
has a higher surface roughness than PET. The CA of the paper device is in Figure 3.13(c). The peak current
density levels stay at the same level over five cycles. However, the current density does not go all the way
to zero indicating non-ideal operation of the paper device. More research will have to be done to fully and
further optimize the device. The switching times were calculated to be 20.9 seconds for the on time and
the off times is 1.48 seconds. The AE is much lower than that reported in Lang et al. where values as high
as AE = 56 were reported [90]. However, using PEDOT:PSS as the electrode is a disadvantage as the sheet
resistance was 460 Q/sq. Using a AgNW electrode with a sheet resistance of 10 Q/sq should greatly
improve the kinetics of the electrochromic paper compared to PEDOT:PSS. There is significant

improvement to be done with these switching times and colour change measurements with future work.
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Figure 3.13: A PEDOT:PSS device using AgNW electrodes on paper, topped with PET, using the
voltage range -1.0 to +1.0 V: (a) photos in the oxidized (off) and reduction (on) state; the (b) CV and
(c) CA profiles for five cycles.

3.6 Conclusion

In this chapter the operation of flexible electrochromic devices with ITO electrodes and PU-NW electrodes
on PET plastic was thoroughly studied. The electrochromic properties were comparable between the two
different devices. However, over long periods of time, the PU-NW based devices showed to be more stable
with lower switching times and better AE compared to the ITO devices. After 1000 cycles, there is a little
browning from oxidation in the ITO devices, however there is no browning in the passivated nanowire
devices. The current density drop is also slightly less in the PU-NW devices over 1000 cycles. The biggest
strength of the NW-based devices is their mechanical properties, which far outperform the ITO devices.
After 50 full bending cycles at a bending angle of 80°, the ITO devices no longer work as the CV is no
longer a closed loop but a straight line and the AE decreases to 6.70. However, for the PU-NW devices,
there is hardly any change in the CV and CA after 50 bending cycles and the AE only decreases from 21.24
to 20.73. Therefore, PU-NWs are a viable candidate as a replacement for ITO in PEDOT:PSS

electrochromic devices, especially flexible ones.

Electrochromic paper and electrochromic paper devices were fabricated using the PU-NW electrodes and
shown to have good initial stability and a good enough colour change to be seen by the human eye. Although
the electrochromic parameters of the electrochromic paper and device were not as high as reported

elsewhere, the sheet resistance achieved is much lower than that used in other sources. Therefore, AgNW
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electrodes show promise for use on paper for disposable and foldable displays and require further research

and development.
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Chapter 4
Composite Silver Nanowire/PEDOT:PSS Electrochromic
Layers

In this chapter, silver nanowires are mixed in with the PEDOT:PSS electrochromic layer itself rather than
existing in a separate electrode. The optimal nanowire diameter, length, and concentration of AgNWs is
determined to use in these mixed electrochromic films and passivate the nanowires with small molecules
to minimize their corrosion. The properties of these films and devices will be compared to those with pure
PEDOT:PSS. Finally, there is comparison of the turn-on voltage, switching time, reflectance, stability, and
lifetime of these new devices compared to devices where the PEDOT:PSS electrochromic material and

nanowire electrode are kept in separate layers.

4.1 Introduction

As discussed in Chapter 2 and 3, PEDOT:PSS has been extensively studied as the electrochromic layer in
flexible electrochromic devices. However, because of its low conductivity it can have slow switching
kinetics and require a large voltage window in order to get good colour contrast. The conductivity of
PEDOT:PSS can be improved by mixing in conductive particles. Higher conductivity will lower the
voltage required to change the colour of the PEDOT:PSS. And higher conductivity allows for a higher
current at a given voltage, which will increase the speed at which charge is transferred from the electrolyte

to the PEDOT:PSS resulting in the colour changing at a quicker rate.

Many studies have successfully mixed conductive particles into PEDOT:PSS to improve its conductivity
for its use as a transparent electrode [54], [94]-[97]. The higher conductivity arises from the double electron
transport channels that are created when you have two paths for electrons to travel through corresponding
to the PEDOT:PSS and the added conductive particles [98]. But very few studies have mixed conductive
particles into PEDOT:PSS for use as an electrochromic layer. As discussed in Section 1.6.1, Gomes et al.
completed a study measuring the sheet resistance and electrochromic properties of PEDOT:PSS films
mixed with a variety of conductive materials [54]. The materials included graphene, graphite, AZO, and
AgNWs. They found that the average sheet resistance improved the best, from 600 to 275 €/sq, when
graphite was added to PEDOT:PSS, and the transition time was reduced to <5 seconds [54]. However, the
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transmittance in the off state was <70% in the visible region. The sheet resistance was almost as low when
AgNWs instead were mixed with PEDOT:PSS, 290 Q/sq, with a switching time of ~ 8 seconds, and the
transmittance was better: >85% across the visible [54]. Importantly, the AgNW/PEDOT:PSS mix showed
a higher current density and change in absorbance compared to the graphite composite and all the other

mixed films.

Peng et al. also mixed AgNWs with PEDOT:PSS for use as electrochromic films [98]. Graphene electrodes
on flexible substrates were used instead of ITO or no electrodes. They found the addition of the AgNWs
increased the current density and change in transmittance beyond pure PEDOT:PSS. This therefore
increased the colouration efficiency from 138 to 182 cm?/C. Additionally, the sheet resistance was reduced,

and ionic conductivity improved [98].

These early studies show the potential of mixing AgNWs with PEDOT:PSS to improve the electrochromic
properties. However, particularly in the Gomes study, the sheet resistances of the mixed films are still quite
high. Neither study explored how nanowire diameter, length, and concentration could be used to improve
the film properties. And a full characterization of hybrid electrochromic PEDOT:PSS/AgNW films and
devices was not done. Therefore, a more complete study of a mixed PEDOT/AgNW device needs to be
completed. Secondly, the Peng et al. study still uses a graphene electrode. Ideally, the PEDOT:PSS/AgNW
electrochromic film would not require an electrode at all as it could be conductive enough on its own. Not
requiring an electrode is preferable as it reduces the cost and complexity of the device. Lastly, the silver
nanowires are not passivated in either study which is an issue as they corrode when they are in direct contact

with PEDOT as discussed in Chapter 2.

In this chapter, an optimization of the AgNW diameter, length, and concentration through characterization
of the electrochromic properties is completed. These optimized films will be compared to pure
PEDOT:PSS films. Next, a device will be made with the optimized film and the electrochromic parameters
will be fully characterized. It will be shown that a 3 layer rather than 5 layer electrochromic device without
ITO or any other electrode is possible to fabricate and operate. Because of lifetime issues of the nanowires,
the passivation of the nanowires with two different passivation candidates and mixed them with
PEDOT:PSS is studied. Lastly, the electrochromic properties of hybrid AgNW/PEDOT:PSS films will be
compared and devices versus the case where AgNWs and PEDOT:PSS exist in separate layers will be

fabricated and characterized.
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4.2 Experimental

Glass substrates (Ted Pella, 26005) and ITO on glass substrates (SPI, ZO6401, 30-60 Q/sq) were cut into
2.5 x 2.5 cm square pieces, cleaned in subsequent ultrasonication baths with acetone, IPA, and DI water for

60 seconds each, then dried with a nitrogen gun.

PEDOT:PSS (EL-P3165, AGFA) was mixed overnight with ethanol at a stirring rate of 1500 rpm with a
magnetic stirrer at a proportion of 70 wt% (PEDOT:PSS) : 30 wt% (ethanol). The solution was then
ultrasonicated with a probe sonicator continuously for 15 min at a frequency of 1 kHz. Silver nanowires
dispersed in ethanol with nominal diameters of 30, 70, and 100 nm that were purchased from Novarials
Corporation (A30UL, A70UL, and A100UL, Woburn, MA). Each of these solutions had very similar
average nanowire lengths of 88 + 19 um as measured with SEM and using ImagelJ as described in Section
2.2. These nanowires types will be referred to as 30UL, 70UL, and 100UL. Silver nanowires dispersed in
ethanol with the same nominal diameter of 30 nm, but averaged measured lengths of 2.5, 21, and 88 um,
were also purchased from Novarials Corporation (A30SL, A30L, and A30UL). These samples will be
referred to as 30SL, 30L, and 30UL (SL= short length, L = medium length, UL = ultralong). The
distribution of the lengths of these nanowires are shown below in Figure 4.1. The average length and
deviation is also shown below in Table 4.1. The as-received concentration of all nanowire types was 10

mg/ml and were diluted with ethanol to achieve the desired concentration.

(a) (b) (@]
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Figure 4.1: The nanowire diameter distribution calculated from ImageJ for 30SL (a), 30L (b), and
30UL (c) nanowires in ethanol purchased from Novarial.
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Table 4.1: The nanowire average measured diameter and length with standard deviation calculated
from ImageJ for 30SL, 30L, and 30UL nanowires in ethanol purchased from Novarial.

Length (um)

30SL 25+1
30L 217
30UL 88+ 19

To optimize the nanowire diameter and length, 2 ml of the PEDOT:PSS/ethanol mix was mixed with 0.5
ml of the various AgNW samples at a concentration of 3 mg/ml (Figure 4.2(a)). The resulting solution was
stirred at 1500 rpm for 2 hours with a magnetic stir bar. For a comparison sample without AgNWs, 0.5 ml

of ethanol was added to 2 ml of PEDOT:PSS/ethanol and stirred.

0.5 ml of the NW/PEDOT:PSS composite or pure PEDOT:PSS was pipetted across the plain glass or ITO
on glass substrate and then a Mayer Rod (RDS #60) was used to drag the solution across the glass substrate
to form a thin film. The samples were annealed on a hot plate at a temperature of 120°C for 30 minutes to
remove the PVP layer from the AgNWs, weld any AgNW junctions, and evaporate the ethanol from both
the PEDOT:PSS and the AgNWs. An optical microscope image of the final hybrid films is shown in Figure

4.2(b) (SEM imaging would not be able to distinguish nanowires underneath the surface).

(a) (b)

Stirring L -_
in LIPS
Ethanol
AgNWs PEDOT:PSS
.7 .7t .« PEDOT/AgNW
e Hybrid

Figure 4.2: (a) Schematic of the fabrication of mixed PEDOT/NW films. (b) Optical microscope
image of a hybrid PEDOT/AgNW film.
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4.3 Optimization of Nanowire Parameters

4.3.1 Nanowire Diameter

The first parameter of the PEDOT:PSS/AgNW hybrid films to be optimized is the nanowire diameter.
PEDOT:PSS was mixed with samples 30UL, 70UL, and 100UL to form three different types of hybrid
films according to the process outlined in Section 4.2 on both glass and ITO on glass substrates. The CV
curves of these three composite films are shown in Figure 4.3(a). The 100UL sample has the lowest turn-
on voltage, peaking at -0.9 V and +0.7 V. 70UL and 30UL films both peak at +0.7 V but their turn-on
voltages are -1.2 and -1.1 V, respectively. In Figure 4.3(b) we see the CA for these three films. The CA
was measured by switching the films on in the reduced state for 30 seconds and then off to the oxidized
state for 30 seconds. The film with 70UL nanowires had the fastest switching times because it has the
lowest sheet resistance of the three diameters as shown in Table 4.2. However, the AT and AE the highest
for the 30UL hybrid films (Table 4.2). This is because the smaller diameter of the 30UL does not block or
scatter as much light like the larger diameter AgNWs do [99]. The colouration efficiency is highest for the
70UL film, but that of the 30UL film is a very close second. There are advantages and disadvantages of the
30UL versus 70UL, though due to its far better colour and transparency change, the 30 nm diameter AgNWs

are determined to be the best diameter going forward.
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Figure 4.3: (a) CV and (b) CA curves of PEDOT:PSS/AgNW composites with nanowire
diameters of 30, 70, and 100 nm.
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Table 4.2: Sheet Resistance (Rs), AE, AT, switching times, colouration efficiency (CE) and

turn-on voltage for different nanowire diameters.

Rs (/sq) AE AT Ton (S) Toff (S) CE Von (V)
(cm?/C)
30UL 34 26 37 6.4 6.4 67.7 -1.1
70UL 14 17 13 2.7 43 68.1 -1.2
100UL 28 19 19 4.7 43 61.7 -0.9
4.3.2 Nanowire Length

The second parameter to optimize will be the length of the AgNWs. Figure 4.4(a) shows the CV of
PEDOT:PSS/AgNW hybrid films with a nanowire diameter of 30 nm and average lengths of 2.5 um, 21
um, and 88 um. They will be referred to as 30SL, 30L, and 30UL, respectively. The 30UL AgNWs have
the lowest turn on voltage with the current density peaking at -1.2 V. Both 30L and 30SL peak at -1.3 V.
All three films have the same turn off voltage of +0.7 V. In Figure 4.4(b) the CA is shown for these films.
The 30UL film has the fastest switch-on time, second fastest switch-off time, and has the lowest sheet
resistance. This is because with longer AgNWs the electrons can travel further before having to re-enter
the PEDOT:PSS or encounter a resistive NW-NW junction, which have a higher resistance compared to
the AgNW itself [100]. Examining the rest of Table 4.3, we can see that the longest AgNWs have the best
AT as the trend increases from 14% to 37% as the length is increased from 3 um to 88 pm. The AE also
increases with AgNW length going from 12 to 26. Longer AgNWSs are known to have a higher
transmittance compared to shorter AgNW lengths. This will be explained further in Chapter 5. Lastly, the
colouration efficiency is the second highest for the 30UL films. Overall, the 88 um length AgNWs are the
winner as they have superior optical properties along with the lowest sheet resistance, lowest turn on

voltage, and good switching times.
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Figure 4.4: (a) CV and (b) CA curves of PEDOT:PSS/AgNW composites with nanowire
lengths of 3 pm (30SL), 28 pm (30L), and 88 pum (30UL).

Table 4.3: Sheet Resistance (Rs), AE, AT, switching times, colouration efficiency (CE) and
turn-on voltage for different nanowire lengths.

R (Q/sq) | AE AT Ton (S) | Tomr(s) CE Von (V)
(ecm?/C)
30SL 57 12 14 4.4 8.1 50.9 -1.3
30L 40 14 26 8.3 10.9 76.1 -1.3
30UL 34 26 37 3.6 9.1 67.7 -1.2

4.3.3 Nanowire Concentration

In the previous two sections it was found that the longest, thinnest NWs are optimal. Therefore the 30 nm
diameter and 88 um length nanowires were used to optimize concentration. AgNW concentrations ranging
from 1.0 to 10.0 mg/ml were mixed with PEDOT:PSS as described in Section 4.2. The CVs of these hybrid
films at different concentrations are shown below in Figure 4.5(a).
concentrations ranging from 4.0 to 10.0 mg/ml are very small, and are only appreciable for concentrations
of 1.0, 2.0, and 3.0 mg/ml. In Figures 4.5(b) and (¢) the quickest change in current density once the device

is switched is seen for a concentration of 3.0 mg/ml. This concentration also has a low turn on voltage of -

1.1V.
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Figure 4.5: (a) CV and (b) CA curves of PEDOT:PSS/AgNW composites at nanowire
concentrations ranging from 1.0 — 10.0 mg/ml. (c) Magnification of the first on-cycle of (b).

Table 4.4: Sheet Resistance (Rs), AE, AT, switching times, colouration efficiency (CE) and
turn-on voltage of 30 nm diameter, 88 pm long nanowires at different concentrations.

NW R. (Q/sq) | AE AT Ton(S) | Tofr(s) CE | Va(V)
concentration (ecm?/C)
(mg/ml)
1.0 90 44 44 34 9.8 38 -1.3
2.0 66 36 27 15 9.2 40 -1.0
3.0 34 26 37 3.6 9.1 68 -1.1
4.0 43 23 21 1.7 9.6 44 -1.0
5.0 18 23 20 3 7.5 51 -1.0
7.5 5.5 22 21 2.2 11 38 -1.3
10.0 4.3 25 7.9 3.1 8 28 -0.9

The sheet resistance as expected improves as the AGNW concentration is increased from 1.0 to 10.0 mg/ml
(Table 4.4). However, AE and AT are the highest as a pure PEDOT:PSS film is approached with no
nanowires (concentration of 1.0 mg/ml). 3.0 mg/ml is the best compromise with the highest colouration

efficiency of 68 cm?/C, and good switching times and turn-on voltage.
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4.4 Optimized Mixed Layers vs. PEDOT:PSS

4.4.1 Hybrid Films vs. PEDOT:PSS

In this section the optimized composite films (30 nm diameter, 88 pm length, 3.0 mg/ml) are compared to
pure PEDOT:PSS films both with and without an ITO electrode. The latter will help determine if the ITO
electrode is required and how much difference it makes to the optical and electrical properties. Figure
4.6(a) and (b) show PEDOT:PSS and hybrid films, respectively in the on and off states on an ITO-coated
glass substrate. The on voltage used here is -1.5 V and the off voltage is set as +0.7 V. Figure 4.6(c) and
(d) show the PEDOT:PSS and hybrid films again in the on and off states but this time on plain glass. There
is a clear uniform switch in all 4 cases in the on and off state. This leads to the consideration of the

electrochromic behaviour of each film in order to better tell the differences between each case.

Figure 4.6: Pictures of pure PEDOT:PSS and PEDOT:PSS/AgNW hybrid films in the on
and off states on (a),(b) ITO/glass and (c),(d) plain glass substrates.

CV curves (Figure 4.7) demonstrate that the performance of the hybrid film is superior to pure PEDOT:PSS
both with and without ITO. Figure 4.7(a) compares the CV curves of hybrid films to pure PEDOT:PSS on
ITO-coated glass. Because of the higher conductivity of the AgNW/PEDOT:PSS film, not as much
potential is required to turn on the film; the current peaks for the redox reaction of the hybrid film are at -

0.9 V compared to -1.5 V for the pure PEDOT:PSS. The magnitude of the current density at the on and off
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voltages is also higher. When the ITO is taken away (Figure 4.7(b)), the peaks in the pure PEDOT:PSS film
get broader to the point where the peak is not well defined. This is due to the low conductivity without the
ITO. The broader the peak is, the slower the electrochemical reaction occurs. The peaks in the hybrid film
can still clearly be seen, indicating a faster electrochemical reaction and switching time. The hybrid film
has a sheet resistance of 34 Q/sq (compared to 280 €/sq for the pure PEDOT:PSS), which is similar to the
sheet resistance of the ITO. There is though, as expected, some decrease of performance of the hybrid film

when ITO is not used. The turn on voltage increases from -0.9 to -1.1 V and the current density decreases.
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Figure 4.7: CV curves of mixed PEDOT/NW films (“Hybrid”) and pure PEDOT:PSS films on (a)
ITO glass and (b) plain glass.
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and (b) plain glass.
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The CA curves for the first few cycles of PEDOT:PSS vs hybrid films on ITO glass are shown in Figure
4.8(a). The current density of the hybrid film on ITO drops off slightly faster compared to pure PEDOT:PSS
on ITO because of its higher conductivity, indicating a faster switching time. Table 4.5 shows this and the
other electrochromic properties of the pure PEDOT:PSS films vs hybrid films with the ITO electrode. The
electrode sheet resistance is not stated in this case as the ITO electrode sheet resistance is the same for both
hybrid and pure PEDOT:PSS films.. The AE on ITO is slightly better for the hybrid films, as expected
from the higher current density seen in the CV and CA curves. However, because of the AgNWs, the
change in transmittance, AT, is lower because the included nanowires decrease transmittance plus do
change transparency upon switching. The hybrid film switch-on time is decreased by a factor of a half and
the switch off time is also decreased by more than 2 seconds. Additionally, the switch-on voltage decreases
from -1.5 V to -0.9 V and the colouration efficiency more than doubles, indicating superior performance to
pure PEDOT:PSS films in almost all characterization parameters.

Table 4.5: Sheet Resistance (R;), AE, AT, switching times, colouration efficiency (CE) and turn-on
voltage of mixed PEDOT/NW films vs pure PEDOT films on ITO glass.

Rs (Q/sq) | AE AT Ton (S) | Toft (5) CE | Van (V)
(ecm?/C)
PEDOT:PSS - 25 46 7 11.7 29 -1.5
Hybrid - 26 37 3.6 9.1 68 20.9

In Figure 4.8(b), when the ITO electrode is removed, the current levels in the CA curves of the hybrid films
are higher (more negative), indicating faster kinetics with the addition of the AgNWs. Table 4.6 below
compares the electrochromic properties of the hybrid films vs pure PEDOT on plain glass. The sheet
resistance is drastically reduced from 280 to 34 Q/sq with the addition of the AgNWs. Additionally, the
AE and AT improve due to the higher current density in the hybrid films transferring more charge to and
away from the films when switched between the on and off state. The time it takes for the films to switch
is also drastically reduced by 9.6 seconds and 12.6 seconds in the on and off state, respectively. The
colouration efficiencies between the two different films are almost identical and lastly, the turn on voltage

is again reduced by 0.4 V due to the improved conductivity of the hybrid films.
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Table 4.6: Sheet Resistance (R,), AE, AT, switching times, colouration efficiency (CE) and turn-on
voltage of mixed PEDOT/NW films vs pure PEDOT films on plain glass.

Rs (/sq) AE AT Ton (8) Toff (S) CE Von (V)
(ecm?/C)
PEDOT:PSS 280 20 22 14.6 18.6 106 -1.5
Hybrid 34 24 26 5.0 6.0 101 -1.1

When examining the films with and without an ITO electrode, it becomes clear that an ITO electrode is not
necessary when a hybrid film is used and thus the complexity of the fabrication and material cost can be
reduced. The hybrid film with ITO has an almost identical AE to that without ITO. The transmittance
changes between the on and off states is lower, but the colouration efficiencies without ITO are drastically
improved. The switch off time is 3 seconds faster without ITO, but the switch on time is 1.4 seconds slower.
The turn on voltage also increases by 0.2 V when the ITO is removed. Overall, because of the material cost
savings, the high colouration efficiency and similar AE without the use of ITO, in spite of the slightly worse

switching times and AT, the devices in the next section are fabricated without ITO electrodes.

4.4.2 Devices with Hybrid Electrochromic Films

Next, the AgNW/PEDOT:PSS hybrid films are integrated into full electrochromic displays and compared
to displays with pure PEDOT:PSS electrochromic layers. Plain glass was used as the substrate. As
described above, the lower material cost, superior colouration efficiency, and similar colour change justify
not using ITO. The fabrication was the same process as described in Section 3.2; electrochromic displays
were made from two electrochromic films with LITFSIEmim TFSI in PMMA mixed with 5 wt% of
titanium dioxide nanoparticles as the gel electrolyte. These devices in the on and off states are shown in
Figure 4.9. Both devices show a clear and uniform switch between the on and the off state. The brown
colouration of the hybrid device in the off state is due to corrosion of the silver nanowires, as will be

discussed later. The colour in the on state of the hybrid device is slightly darker from the silver of the NWs.

95



(b)
“Hybrid, OFF PEDOT, OFF

PEDOT, ON

Figure 4.9: Pictures of devices fabricated with (a) AgNW/PEDOT:PSS electrochromic layers and
(b) pure PEDOT:PSS layers in the off and on states.

Lifetime measurements were completed for both types of devices. Figure 4.10 compares the CA curves
during 1000 cycles of a hybrid and pure PEDOT:PSS device. As expected, the current density in the pure
PEDOT:PSS device is lower due to its lower conductivity: -3 and +2 mA/cm? compared to -6 and +4
mA/cm? for the hybrid device (values are the average over the 1000 cycles). Less obvious, however, was
that the hybrid device is more stable, with little change in the current across all 1000 switching cycles

performed, compared to the drop in current density seen in the pure PEDOT:PSS device.
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Figure 4.10: CA of a (a) mixed PEDOT:PSS/NW device and (b) pure PEDOT device on plain glass

cycled for 1000 cycles.

Figure 4.11 shows the CV before and after the 1000 cycles for both devices. The peaks attributed to the

colour switch are at potentials of +0.55 V and -0.55 V and are much better defined in the hybrid device in
Figure 4.11(a) compared to the pure PEDOT:PSS device in Figure 4.11(b). The additional peaks in the

hybrid device at +/-0.4 V are attributed to the redox reaction of AgNWs as described earlier in Chapters 2

and 3 and thus are only seen in the hybrid device. The area under the CV curve in the hybrid device is larger

than that of the pure PEDOT:PSS device which indicates more charge is transferred as the device is cycled

between +/-1.5 V and back. However, the areas under the curves and the current densities after cycling

are very similar for both devices indicating that the AgNWs are not as effective after going through many

cycles.

(a)

0.4

@
[N

Current Density(mA/cm %)
(=]

(b)

. /7
-0.2 \
—— Before
= — - After
-0.4 : :
-15 1 -0.5 0 0.5 1
Voltage (V)

Current Density(mA/cm 2)

25
2
1571
1
0.5
0k
0.5 —— Before
p ‘ ‘ = — - After
-1.5 -0.5 0 0.5 1 1.5
Voltage (V)

Figure 4.11: CV curves of a (a) mixed PEDOT:PSS/NW device and (b) pure PEDOT device on glass

before and after 1000 cycles.
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By examining the photos in Figure 4.12, we can see that there is clear browning of the hybrid device after
being cycled 1000 times. This browning is not observed in the pure PEDOT:PSS device. The switching
of the pure PEDOT:PSS device is still uniform in colour after 1000 cycles while the browning of the hybrid

device after cycling leads to a reduced colour change.

(a)
PEDOT, OFF

PEDQT, ON

Figure 4.12: Photos of a (a) mixed PEDOT/NW device and (b) pure PEDOT device on glass in the
off and on states after cycling.

Through further examination of the electrochromic properties of the devices in Table 4.7, the AE actually
increases from before 1000 cycles to after 1000 cycles for both cases. However, because of the addition of

the AgNWs, which do not have any electrochromic properties, the AE is lower than that of pure
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PEDOT:PSS. The change in reflectance at a wavelength of 550 nm, AR, is higher at a value of 8.7% in the
hybrid device compared to only 4.3% for a pure PEDOT:PSS device. More charge is transferred in the
hybrid device as we saw in the CV and CA, leading to a higher change in reflectance. The colouration
efficiency is also higher for the hybrid device due to the higher change in reflectance and better
electrochromic properties that were seen in the CA and CV in Figures 4.10 and 4.11, above. The switching
time for the pure PEDOT:PSS device increases after 1000 cycles from 2.6 to 6.6 seconds for the on time
and 4.6 to 6.8 seconds for the off time. The hybrid device on time however actually gets quicker after 1000
cycles, reducing from 3.4 to 2.1 seconds, thereby becoming faster than the pure PEDOT:PSS device.
Meanwhile, the off time worsens like the pure PEDOT:PSS device, going from 10.3 to 14 seconds. Overall,
the switching off time is slower in the composite based device compared to the pure PEDOT:PSS based
device, which is opposite to what was seen when comparing the films (Table 4.5). We emphasize that when
comparing switching times of the composite versus pure PEDOT:PSS layer directly, however, the film half-
cell measurements are more accurate [101]. In the film measurements there are fewer external factors such
as the solid electrolyte composition and thickness, separation of the counter electrode, and accuracy of the
voltage on the reference electrode. In the film three-electrode setup the reference and counter electrodes
are not connected, allowing more accurate control of the applied potential from the potentiostat on the active

electrochromic layer [102].

Table 4.7: AE, AR, switching times, and colouration efficiency (CE) mixed PEDOT:PSS/NW devices
vs pure PEDOT:PSS devices on glass.

AE (before | AR@550 | 7Ton(before Toff (before CE
cycling/after | nm (%) | cycling/after | cycling/after | (cm?/C)
cycling) cycling) cycling)
PEDOT:PSS | 14.51/21.74 4.3 2.6/6.6 sec 4.6/6.8 sec 19.7
Hybrid 13.91/18.67 8.7 3.4/2.1 sec 10.3/14 sec 31.6

Because of the visible browning of the hybrid device, which was also seen in Chapter 2 with AgNW
electrodes in PEDOT:PSS displays, research of the passivation of the AgNWs in solution was done in order
to improve device lifetime and further surpass the performance of the pure PEDOT:PSS devices for beyond

1000 cycles.
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4.5 Passivation of Nanowires in Mixed Electrochromic Layers

4.5.1 The need for Passivation

It has been shown in the literature that AGNWs corrode when in contact with PEDOT:PSS [103][104].
This is due to the acidic nature of PEDOT:PSS (pH ~2.5) and possibly also because PEDOT:PSS has a
tendency to absorb moisture which also accelerates silver corrosion [105]. Additionally, as mentioned in
Section 2.3.1, the voltage cycling incurred in an electrochromic device also accelerates the oxidation of
AgNWs. The previous passivation strategy used in Chapter 2 and 3, where a layer of PU is spin coated on
top of a AgNW network will not suffice. In the current system, the AgNWs are mixed and in direct contact
with PEDOT:PSS before a film is formed. Therefore, the individual AgNW surfaces must be passivated in
solution, before mixing with the PEDOT:PSS and subsequent Mayer rod coating.

The approach taken here is to passivate the AgNW surfaces with organic short molecules. Unlike many
other passivation strategies, small molecules can be applied on the NW surfaces while the NWs are still in
solution. Such molecules can self assemble on the surface of AgNWs [74]. The molecular layers are not
electrically conductive, but because they are only ~20 Angstroms in thickness, they should be short enough
to allow some current to flow across it [75] so that the AgNWs and the PEDOT:PSS can be in electrical

contact.

A variety of small molecules have been successfully used to passivate AgNWs for transparent electrode
applications. Liu et al. deposited AgNW networks on glass substrates, then dip coated these networks in
solutions of different small molecules [28]. Of the different molecules tested, it was found that the
molecule MBI (2-mercaptobenizmidazole) was the best passivation candidate. The MBI-coated AgNW
network showed no increase in sheet resistance when heated to 400°C [28]. When implemented in a
transparent heater device, the AgNWs could also withstand a higher applied voltage of 12 V compared to
just 6 V for the unpassivated NWs [28].

Similarly, Madeira et al. used the small molecule MuA (11-mercaptoundecanoic acid) mixed with ethanol
to passivate AgNWs [75]. Like the previous study, AgNWs were rod-coated on glass substrates and then
the AgNW networks were dipped in a solution of MuA in ethanol that was being constantly stirred in order
to uniformly distribute the MuA over the surface of each AgNW. Madeira et al. reported no change in
sheet resistance in the passivated AgNWs when stored in atmospheric conditions and exposed to daylight

for 120 days [75].
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An attempt will be made to passivate AgNWs in solution with MuA and MBI and then mix the passivated
AgNWs with PEDOT:PSS. Then, electrochromic films and devices will be fabricated with the hybrid
PEDOT:PSS/passivated AgNW inks.

4.5.2 Experimental

Separate solutions of 50 mM of MuA (Sigma Aldrich, 450561) and MBI (Sigma Aldrich, M3205) were
prepared in ethanol. Each solution was stirred overnight to ensure adequate dispersion of the small
molecules in ethanol. Next, 1.5 ml of 3 mg/ml 30UL AgNW solution was centrifuged at 6000 rpm for 10
minutes in order to separate the AgNWs from the ethanol. The ethanol was carefully pipetted out and then
1.5 ml of the MuA or MBI solution was added to the AgNWs. The AgNWs were redispersed into the MuA
or MBI solution by stirring overnight. The next day each mixture was centrifuged again at 6000 rpm for
10 minutes and the excess MuA and MBI solution was pipetted out. Then, the MuA-AgNWs and MBI-

AgNWs were rinsed twice with ethanol before being redispersed in 1.5 ml of ethanol.

0.5 ml each of MuA-AgNWs and MBI-AgNWs were mixed in separate solutions with 2 ml of 70 wt%
PEDOT:PSS/30 wt% ethanol as outlined in Section 4.2 for unpassivated AgNWs. A schematic showing
the coating of the AgNWs, followed by mixing them with PEDOT:PSS is shown below in Figure 4.13.

Hybrid films and devices were then fabricated the same way as outlined in Section 4.2.

—> —>

AgNWs in Ethanol Coating with MuA or MBI Mixing with PEDOT:PSS

Figure 4.13 Schematic of the fabrication of MuA/MBI-passivated silver nanowire/PEDOT:PSS
composites.
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4.5.3 Passivation Results & Discussion

Hybrid films in the on and off state that are passivated with MuA (Figure 4.14(a)) and MBI (Figure 4.14(b))

show good uniform colour switching. However, to the naked eye, the MuA shows a slightly better switch

in the on state as the blue in the centre of the film is darker compared to the MBI.

Figure 4.14: Photographs of AgNWs mixed with PEDOT on glass in the on and off states,
where the NWs are passivated with (a) MuA and (b) MBI.
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The CV curves for passivated hybrid films versus unpassivated hybrid films and pure PEDOT:PSS are
shown below in Figure 4.15. The mixed films with either passivation show much lower turn on voltages
compared to the unpassivated hybrid films and pure PEDOT:PSS, along with much higher current densities
and hence better electrochromic behaviour. Based on the CV, there is little difference between the MBI

and MuA passivation method to this point.

Table 4.8 shows the other electrical and electrochromic properties of the passivated films. The passivations
increase the sheet resistance of the mixed films from 34 to 140 and 180 Q/sq for MuA and MBI,
respectively. The thin layers of MuA and MBI are insulating and thus reduce conduction between the NWs
and the PEDOT:PSS. However, the sheet resistance of the passivated NW films are still lower than pure
PEDOT:PSS. The AE and AT increase with the passivation of the AgNWs compared to PEDOT:PSS alone
and unpassivated hybrid films.
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Figure 4.15: CV of MuA and MBI passivated AgNWs mixed with PEDOT:PSS on glass
compared to unpassivated mixed films and pure PEDOT:PSS films on glass.
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Table 4.8: AE, AT, switching times, colouration efficiency (CE) and turn-on voltage of films
containing PEDOT:PSS mixed with passivated and unpassivated AgNW vs pure
PEDOT:PSS.

Rs (Q/ Sq) AE AT Ton (S) Toff (S) CE Von (V)
(ecm?/C)
MuA 140 38 42 10.2 9.7 58 -0.6
MBI 180 31 49 7.8 10.9 53 -0.6
No 34 26 37 3.6 9.1 68 -1.1
passivation
PEDOT:PSS 280 25 46 7 12 28 -1.5

The CA curves of the passivated hybrid films vs unpassivated films and pure PEDOT:PSS are shown below
in Figure 4.16(a) (MuA) and Figure 4.16(b) (MBI). As discussed previously in Section 4.4, the
PEDOT:PSS and hybid devices have a similar drop off. However, the MuA and MBI drop offs from their
peak current densities are much slower. This aligns with their slower switching times seen in Table 4.8 and
is a disadvantage of the passivation. One positive though is that the peak current density for both the MuA
and MBI passivated hybrid films is higher than the PEDOT:PSS and unpassivated hybrid films. This aligns

with the higher optical contrast seen above in Table 4.7 for the passivated samples.
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Figure 4.16: CA of (a) MuA and (b) MBI passivated AgNWs mixed with PEDOT compared
to unpassivated hybrid films and pure PEDOT films on glass.
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Figure 4.17: Optical microscope images of 30 nm diameter, 88 pm length, and 3.0 mg/ml
AgNWs mixed with PEDOT:PSS for (a) unpassivated (b) MuA passivated AgNWs and (¢)
MBI passivated AgNWs.

To better understand the differences in electrochromic behaviour of the passivated hybrid films, optical
microscope images of the unpassivated films were taken (Figure 4.17(a)) and compared to images of the
MuA (Figure 4.17(b)) and MBI (Figure 4.17(c)) passivated AgNW mixed films. The unpassivated AgNWs
in PEDOT:PSS are evenly distributed, whereas there is severe clumping in both types of passivated
AgNWs. This can be explained through a phenomenon called the zeta potential. The zeta potential
describes the electrical potential of a particle at the boundary between the particles and the solvent or fluid.
If the zeta potential between two particles is large, positive or negative, they will repel each other. As
discussed in Section 1.5.1, PVP (polyvinylpyrrolidone) is a polymer used in the polyol synthesis of AgNWs
and it coats the AgNW surfaces in the as-received AgNWs. The surfaces of the unpassivated AgNWs are
thus coated with PVP. The zeta potential of PVP in a solution of pH 7.33 is -47 mV [106]. However, for
MuA and MBI, the zeta potential is approximately 0 mV and 5 mV, respectively [107], [108]. This means

that there is little to no repulsion force between MBI and MuA molecules, leading to NW agglomeration.

In the work of Liu and Madeira where AgNWs were passivated with MBI and MuA, the AgNWs were
passivated after the AgNWs were deposited as a network and the junctions welded [28], [75]. Thus the
subsequent MBI and MuA passivation did not cause AgNW agglomeration as the NWs were already welded
into a network to one another and as well as had some adhesion to an underlying substrate. This strategy
unfortunately cannot be used here as the AgNWs need to be passivated before being mixed with

PEDOT:PSS and deposited as a film.

With the bundled AgNWs in the NW/PEDOT:PSS composite, there are larger spacings between nanowires
compared to unpassivated NW/PEDPOT:PSS composites, allowing for increased transmittance and a larger
optical contrast. However, the sheet resistance and uniformity of this resistance is worse as the number of

paths for the electrons to travel across decreases. This is not ideal.
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Figure 4.18: Photos of mixed (a) PEDOT:PSS/MuA-AgNW and (b) mixed PEDOT/MBI-
AgNW devices on glass before and after cycling 1000 times.

The next step is to fabricate electrochromic displays with the passivated hybrid films and test the
effectiveness of the passivations to improve lifetimes. Figure 4.18 shows photos of the passivated hybrid
devices in the on and off state, before and after cycling 1000 times for MuA (Figure 4.18(a)) and MBI
(Figure 4.18(b)). Note in both Figures 4.18(a) and (b), there is an artifact in the device that causes part of
it not to switch. It is not a result of low device lifetime as it occurs both at the start and after cycling. It
could be a result of the agglomeration of the passivated nanowires compared to the unpassivated nanowires.
Both films show a clear uniform switch before cycling, but there is browning from corrosion of the AgNWs
in the after-cycling photos. Additionally, there is no clear colour change seen to the naked eye after cycling

the devices.
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Figure 4.19: CA of mixed (a) PEDOT/MuA-AgNW and (b) mixed PEDOT/MBI-AgNW
devices on glass cycled 1000 times.
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Figure 4.19(a) and Figure 4.19(b) correspond to the CA plots during 1000 cycles of MuA-passivated and
MBI-passivated hybrid devices, respectively. The magnitude of the current density falls off to almost 0
mA/cm? after the 1000 cycles. The MuA-passivated device shows better performance overall as the current
density doesn’t start falling off significantly until 500 cycles, while the MBI device starts falling off
significantly around 150 cycles. However, compared to the unpassivated devices, both of the passivation
materials have inferior performance. The current density remains constant across the 1000 cycles in the
unpassivated devices (Figure 4.10), and the device still shows a clear colour change after 1000 cycles

whereas both the passivated devices fail.

Examining the CV before and after cycling for each device (Figure 4.20), we see that there is a bit more of
a difference between the two passivation types. The MuA and MBI device have the same colour switching
peak of the PEDOT:PSS at -1.25 V. However, the MuA device in Figure 4.20(a) shows an additional redox
peak at -0.3 V which is not present in the MBI passivated curve. Based upon previous results, this redox
peak is from the oxidation/sulfidation of the silver [54]. This indicates that the MBI device has a slightly

better performance in passivating the AgNWs.

The current density of the CV for the unpassivated devices after cycling is very similar in shape to both
passivated devices. The main difference is magnitude. The highest and lowest current in the unpassivated
devices is +/- 0.15 mA/cm? (Figure 4.11(a)), but for the passivated devices, the peaks are at +/- 0.1 mA/cm?
and +/- 0.05 mA/cm? for MuA and MBI, respectively. This aligns with the photos of after cycling as the
passivated devices no longer have a visible change in colour while the unpassivated devices have a clear

change.
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Figure 4.20: CV of mixed (a) PEDOT:PSS/MuA-AgNW and (b) PEDOT:PSS/MBI-AgNW
devices on glass before and after cycling 1000 times.

Table 4.9: AE, AR, switching times, and colouration efficiency (CE) of PEDOT:PSS mixed
with passivated AgNWs devices vs unpassivated AgNW/PEDOT:PSS and pure
PEDOT:PSS devices.

AE (before AR@ Ton (before Toff (before CE
cycling/after | 550 nm | cycling/after | cycling/after | (cm?/C)
cycling) (%) cycling) cycling)
MuA 18/4.5 3.8 3.1/24.7 sec 6.3/27 sec 18.2
MBI 19/6.3 3.5 3.1/25 sec 6.2/27 sec 17
No 14/19 8.7 3.4/2.1 sec 10.3/14 sec 31.6
Passivation
Pure 15/22 4.3 2.6/6.6 sec 4.6/6.8 sec 19.7
PEDOT:PSS

Table 4.9 shows the electrochromic properties for the MuA passivated, MBI passivated, unpassivated and
pure PEDOT:PSS devices. The AE decreases significantly and a colour change is no longer seen after 1000
cycles in each passivated case. The more uniformly distributed nanowires in the unpassivated device show
an improvement in AE after cycling. The other specification in the table that is shown before and after
cycling is the switching times. The passivation increases both the switching on and off times after cycling

significantly. The switching times of the pure PEDOT:PSS device also increase. In the unpassivated device,
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the switch-on time actually decreases while there is only a modest increase in the switch-off time after
cycling. Unfortunately, the colouration efficiency of the passivated devices is less than the unpassivated
ones and is similar to that of the pure PEDOT:PSS device. This is because the MBI and MuA molecules
worsen the sheet resistance and resistance uniformity of the NW/PEDOT:PSS composite. The measured
change in reflectance between the on and off state at a wavelength of 500 nm is almost half for the
passivated devices compared to the unpassivated and is similar to pure PEDOT:PSS. This could be
explained by the lower current density of the passivated devices compared to the unpassivated one as seen

in their respective CV and CA curves. A lower current density leads to a lower change in reflectance.

Overall, there is little difference in the effectiveness of the passivation between MuA and MBI coated
AgNWs. They both show significant agglomeration of the wires after coating and lead to poor device
performance after 1000 cycles. The passivation of the AgNWs in PEDOT:PSS does not increase lifetime
of the devices. Instead after cycling, AE decreases to the point that there is no discernable switching to the
eye and the switching on and off times significantly increase. There are minor differences in the
electrochromic properties of MuA and MBI, but the edge goes to MuA as it has a slightly better AE both
before and after cycling. Every other electrochromic property shows no significant difference between the
two molecules. The passivation worsens the sheet resistance of the NW/PEDOT:PSS composite because
it is insulating and results in severe clumping of the AgNWs in the PEDOT:PSS. Further investigation
must be completed in order to find a better passivation material that can coat AgNWs surfaces in solution.
Ideally the passivation molecule or material should be conductive and have a large zeta potential to prevent

clumping, yet still increase the lifetime of the hybrid films by preventing nanowire corrosion.

4.6 Nanowires as the Electrode versus Hyrid Silver Nanowire/PEDOT:PSS
Films

In this subchapter, mixed AgNW/PEDOT:PSS films fabricated in this chapter are compared to a system
where the AgNWs are separated from the PEDOT:PSS into its own electrode layer, like in the previous
chapter. These two systems are illustrated in Figure 4.21. Here, no passivation is used in either case.
The hybrid film reduces the number of layers and the number of nanowires used in the fabrication of the

device, and as we will see, improves some of the electrochromic properties.
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Figure 4.21: Schematic of (a) single mixed PEDOT:PSS/NW layer vs (b) pure PEDOT:PSS
film with a AgNW transparent electrode.
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Figure 4.22: Comparison between single layer and two layer electrochromic films: (a) CV
and (b) CA.

Figure 4.22(a) compares the CV of a hybrid film to a two layer AgNW/PEDOT:PSS setup. The peak
current at the on state at -1.5 V is higher for the hybrid film. The current peaks at a lower voltage in the
two-layer setup, meaning that the turn on-on voltage is smaller. This is because of the high conductivity of
the AgNW electrode in which, unlike the hybrid films, the nanowires are connected in an overlapping
network (in the AgNW/PEDOT:PSS composite, the AgNWs are mostly separated and not electrically
connected to one another) allowing for a greater amount of electrons to flow in and out of the PEDOT:PSS
layer. Examining the CA in Figure 4.22(b), we can see that the two-layer setup has a quicker drop off from
the peak current value. The switching times themselves in each case are shown in Table 4.10. The hybrid
device has a shorter off time while the on time for the two-layer setup is less than half the value of the on

time for the hybrid device. The hybrid film has superior AT and AE values, arising from the dual electron

110



transport system and higher conductivity of the electrochromic layer. The colouration efficiency is higher
for the two-layer setup as expected as the turn-on voltage is lower and higher colouration efficiency is

traditionally associated with a higher optical contrast at a lower voltage.

Table 4.10: Comparison of AE, AT, switching times, colouration efficiency (CE) and turn-
on voltage of single layer (“Hybrid”) vs two layer electrochromic films (“AgNW

Electrode™).
AE AT Ton (S) Toff (S) CE Von (V)
(cm?/C)
Hybrid 26 37 3.6 9.1 67.7 -1.2
AgNW 24 22 1.5 10.6 74.2 -0.7
Electrode

The two-layer setup and the hybrid films were next implemented into devices. The CV curves in Figure
4.23(a) show that the hybrid device has much lower voltage redox peaks at -0.3 and +0.3 V. The current
density peaks are also higher, attributed to the higher conductivity of the hybrid film compared to the
PEDOT:PSS film alone with the AgNW electrode. The CA in Figure 4.23(b) shows similar peak current
levels, with the hybrid film device being slightly higher, again from the higher conductivity with the
addition of the AgNWs into the PEDOT:PSS. The other electrochromic properties (Table 4.11) show that
the hybrid film device has a higher change in reflectance between the on and off state at an on/off voltage
of +/-1.5 V. This is direct result of the higher conductivity leading to a higher optical contrast. This is
backed up by the AE increasing from 15 to 19 when using the hybrid film in a device. The two-layer setup
in a device has a colouration efficiency almost double that of the hybrid device. This could be a result of

the lower turn-on voltage for the half cell redox reaction, as seen in Figure 4.23(a).

In summary, the reduction of the number of layers from five to three in an electrochromic display by using
hybrid films shows a better optical contrast compared to a full five-layer device, as seen through AE and
AR. However, the coloration efficiency is not as high. The switching on-time is faster in the five-layer
device, but the switching-off time is slower. Depending on the application, it is viable to using three-layer
hybrid devices without a separate electrode. However, the best performing is predicted to be one that uses

both NWs mixed into the electrode chromic layer, and AgNWs in a separate electrode.
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Figure 4.23: Comparison of single layer and two-layer electrochromic devices: (a) CV and
(b) CA.

Table 4.11: Comparison of AE, AT, switching times, colouration efficiency (CE) of single
layer vs two-layer electrochromic devices.

AE AR@550 | Ton(s) | Torr(s) CE
nm (%) (cm?/C)
Hybrid 19 8.7 2.1 14 31.6
AgNW 15 6.5 3.5 2.0 56.6
Electrode

4.7 Conclusion

The optimized AgNW/PEDOT:PSS composite film contained the longest (88 um) and thinnest (30 nm
diameter) nanowires at a concentration of 3.0 mg/ml. The AgNWs significantly improve the conductivity
of PEDOT:PSS, which in turn improves switching times, lowers the turn-on voltage and increases the
change in reflectance between the on and off states. The colouration efficiency of the devices based on the
composite electrochromic layers is also higher, but AE is lower since the NWs do not have electrochromic

properties themselves.

Hybrid devices showed browning after undergoing 1000 on/off cycles from corrosion of the AgNWs in the
PEDOT:PSS. MuA and MBI were used to passivate AgNWs in solution before they were mixed with

PEDOT:PSS. Both passivation molecules lead to increased switching times and fail to show a colour
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change to the naked eye after cycling 1000 times between -1.5 and +1.5 V. Due to AgNW clumping and
the non-conductive nature of the passivation molecular layer, the conductivity of the passivated
AgNW/PEDOT:PSS films was significantly lower than unpassivated mixed films, resulting in some worse

electrochromic properties.

Overall, mixing nanowires into the PEDOT:PSS electrochromic layer results in several advantages though
there is a trade-off as they have a lower AE. NW corrosion also remains a problem. In Chapter 7, suggestions
for better passivation strategies, such as using a small molecule with a larger zeta potential, will be given

as future work.
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Chapter S

Near Infrared Properties of Silver Nanowire Networks

The optical properties of silver nanowire networks in the visible portion of the electromagnetic spectrum
have been extensively studied, however, there has been little attention to their properties in the near-infrared
portion of the spectrum. In this chapter, the optical properties of silver nanowire networks in the NIR and
the dependence upon nanowire concentration, diameter, and length are determined and discussed. A portion

of this chapter was published as: J. Atkinson, 1. Goldthorpe, Nanotechnology, 31, 365201 (2020) [106].

5.1 Introduction

Many optoelectronic devices including liquid crystal displays [45], organic light emitting diodes [107],
touch screens [108], thin-film solar cells [109], organic solar cells [24] and smart windows [22], [110]
require one or two optically transparent, electrically conductive layers. Metal oxides such as indium tin
oxide (ITO) and fluorine-doped tin oxide (FTO) are the predominant materials used as transparent
electrodes, but they are expensive, have limited mechanical flexibility and require high temperatures and
vacuum for deposition [6]. Another disadvantage of metal oxides for some applications is their low
transparency in the near-infrared (NIR) region of the electromagnetic spectrum (wavelengths ranging from
700 - 3000 nm). This is due to a surface plasmon resonance at 1300 nm and 1050 nm in ITO and FTO,
respectively [16], [19]. As will be shown in this chapter, ITO that is 96% transparent at visible

wavelengths, for example, is only 35% transparent at longer wavelengths (2500 nm).

As discussed in Chapter 1, several alternative materials to replace metal oxides for transparent electrodes
are being studied, and films of silver nanowire networks are a promising candidate [17]. Silver nanowire
networks have transparency and conductivity values as high as ITO [44] while being mechanically flexible
[107], less expensive [111], and can be fabricated using high-throughput roll-to-roll manufacturing
methods [66]. Furthermore, unlike metal oxides, they can be nearly as transparent to NIR wavelengths as
they are in the visible range. This is because their surface plasmon resonance is instead in the ultraviolet
region of the electromagnetic spectrum, at approximately 375 nm [63] compared to 1300 nm for ITO [19].

Almost 52% of solar energy occurs at NIR wavelengths and transparency to these wavelengths, while still
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being highly transparent in the visible, could be highly beneficial for switchable windows to allow more
solar heat to enter a building in the winter. And since 2020, when a portion of the study below was
published, several papers have cited this work and exploited the NIR transparency of silver nanowire
networks in other applications. For example, silver nanowire networks have been used in low emissivity
(low-e) window coatings in which, like switchable window technologies, lead to greater energy efficiencies
in colder climates if they can permit the passage of solar NIR wavelengths [112]. Organic and multi-
junction solar cells also benefit from transparent electrodes that are highly transparent to NIR wavelengths
as this enables the device to more efficiently harvest the NIR range of the solar spectrum. NIR-transparent
electrodes are needed in some switchable electrochromic devices including those used for camouflaging
and optical communications [113]. Most recently, this work has been cited to exploit the NIR transparency
of silver nanowire electrodes in photodetectors used in biosensing, since the skin and underlying layers are

transparent in the NIR region [114].

The optical properties of silver nanowire films in the visible have been extensively studied [44], and some
papers on their transparency at IR wavelengths > 5 um exist due to the relevance of this part of the spectrum
for heat radiation [57]. However, little attention so far has been paid to the transparency of silver nanowire
films in the NIR region. Current literature shows the transmittance of randomly oriented silver nanowire
networks in the NIR region [115], [116], but there is no experimental data and little discussion of how
nanowire network parameters affect this NIR transmittance despite its importance for numerous
applications. In this chapter, it is determined how and why nanowire diameter and its density affect the
transparency of silver nanowire electrodes in the NIR region to provide understanding and guidance for
improved device design. Additionally, there is a focus on how to select parameters to minimize the drop in
transparency between the visible and the NIR, as high transparency in both regions is desired for many

applications.

5.2 Experimental

5.2.1: Sample Preparation

All samples in this work were fabricated on 2.5 x 2.5 cm BK7 glass substrates of 1 mm thickness. Silver
nanowires with diameters of 30, 70 nm, and 100 nm were purchased from Novarials Coporation (Woburn,

MA) while silver nanowires with diameters 120 nm were purchased from ACS Materials (Pasadena, CA).
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All nanowires were dispersed in ethanol with various concentrations depending on the desired film density.
The silver nanowires were fabricated into electrodes using commonly used techniques: 40 uL of nanowire
solution was pipetted at one end of the glass substrate, which was then drawn across the substrate with a
Mayer rod (RDS 10). 4 coats were applied, with the substrate being rotated 90° between each coat to
increase nanowire spatial uniformity across the substrate. Samples were then annealed for 30 minutes in a
low vacuum oven in N atmosphere. This welds the nanowire junctions and thereby reduces sheet resistance.
The annealing temperature that led to the lowest sheet resistance depended on diameter: 150 °C (30 nm),
160 °C (70 nm), 170 °C (100 nm), and 180 °C (120 nm). The different temperatures required for different
NW diameters can be explained through the Gibbs-Thomson effect. Smaller diameter nanowires have a
higher surface area to volume ratio. Since surface atoms are more weakly bonded than the non-surface bulk

atoms, less energy, i.e. a lower temperature, is required to melt the nanowire [117].

5.2.2: Optical and Electrical Characterization

For electrical measurements, conductive copper tape along with silver paste (Ted Pella Inc, Redding, CA,)
was placed at either end of the film. Resistance was measured with a multimeter and converted into a sheet
resistance. The transmittances of the films were characterized using a UV/VIS/NIR Cary 5000

spectrophotometer with an integrating sphere.

5.3: Results and Discussion

5.3.1 Optical Characterization

First, nanowire films that have high transparency are focused on as this is what is desired for smart window
applications where high NIR is highly advantageous (required sheet resistance is < ~ 400 Q/sq [118]). To
obtain an electrode with 96% transparency in the middle of the visible spectrum (550 nm), the concentration
of the nanowire solution required is similar for all diameters as shown in Table 5.1, with only the thickest
nanowires permitting a slightly higher concentration (transparency and resistance data at other
concentrations are listed in Table 5.2). The latter is because for larger diameters, more mass is contained
out-of-plane leading to lower areal coverage (surface fill-fraction). Thicker nanowires scatter more as their

scattering cross section is larger from their larger diameter [118], [119], but since an integrating sphere was
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used this scattered light is included in the transparency measurement. Regarding sheet resistance, for this
case of high transparency it is generally higher for thicker nanowires (Table 5.1, 5.2), which is consistent
with earlier studies [120]. For a given concentration, there are a smaller number of total nanowires for the
thicker diameters and at these sparse densities, a larger proportion of the nanowire lengths are not connected
into the network and thus do not contribute to conduction. At higher nanowire densities, such as those
needed for the low sheet resistances required for other applications such as solar cells, this trend is reversed:
networks of thicker nanowires have lower sheet resistances at a given transparency than those made of

thinner ones [120].

Table 5.1. The solution concentration of silver used and sheet resistance of nanowire networks at
96% transparency @ 550 nm.

Diameter (nm) Average Length Concentration | Transparency @ R; ((V/sq)
(nm) (mg/ml) 550 nm (%)
30 12 0.8 96 31
70 29 0.8 96 110
100 45 0.8 96 113
120 39 0.9 96 364

Table 5.2. The sheet resistances and transparencies (in brackets) of all nanowire diameters
used at various densities.

Diameter (nm) Ri@ 0.5 mg/ml Ri@ 0.8 mg/ml Ri@ 1.0 mg/ml Ri@ 1.5 mg/ml
(Q/sq) (Q/sq) (Q/sq) (Q/sq)
30 54 (95%) 31 (96%) 14 (93%) 11 (91%)
70 36000 (96%) 196 (96%) 131 (96%) 91 (93%)
100 169 (98%) 113 (96%) 24 (97%) 16 (94%)
120 194000 (98%) 164 (96%) 100 (97%) 34 (95%)

Figure 5.1(a) shows how the experimentally measured transmittance of the same four samples as shown in
table 5.1 depends on wavelengths between 250 — 2500 nm. On the same plot, the transmittance of a film

of ITO on glass (purchased from Sigma Aldrich), which is also 96% transparent at 550 nm, is shown. The
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transmittance of the ITO falls dramatically in the NIR region to a transparency of 35% at 2500 nm. In
contrast, the transparencies of the nanowire films drop by no more than 4 percentage points between the
visible and 2500 nm in the NIR region. Secondly, the transparency of networks with thinner nanowires
drops more in the NIR compared to thicker nanowires: four percentage points for the 30 nm diameter
nanowires versus two percentage points for 120 nm nanowires. The nanowires in the four samples not only
have different diameters, but also have different lengths and aspect ratios. For example, 30 nm nanowires
are 12 um long while 120 nm are 39 um long. It will be shown in Section 5.3.6 that although nanowire
length can significantly affect the network’s sheet resistance, length has minimal impact on the total
transparency of the network at the densities and lengths used here. This has also been shown to be the case
elsewhere across wavelengths in the ultraviolet, visible, and into the near infrared region [120]-[122].
Therefore, the difference in transparency difference among these experimental networks is primarily

attributed to diameter and not length differences [121].
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Figure 5.1: (a) Transmittance vs wavelength for silver nanowire networks at nanowire
diameters of 30, 70, 100, and 120 nm. The transmittance of silver nanowire networks is much
greater in the near-infrared region than commonly used indium tin oxide. The transmittance
of (b) 30 nm and (c) 120 nm diameter nanowire networks made from solution concentrations
0f 0.5, 1.0 and 1.5 mg/ml. The transmittance drops more significantly over the NIR region for
thinner and denser networks. SEM images of 30 nm diameter nanowires made with a silver
solution concentration of (d) 0.8 mg/ml and (e) 1.5 mg/ml, and (f) 120 nm nanowires at a
concentration of 0.9 mg/ml, which has the same transparency at 550 nm as the sample shown
in (d).
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Figures 5.1(b) and 5.1(c) show the dependency of transparency on nanowire concentration for 30 nm and
120 nm diameter nanowire networks, respectively. As expected, the transmittance across all wavelengths
decreases with density due to there being an increased fraction of silver covering the surface of the glass
which leads to an increase in absorbed and reflected light. Less obvious, however, is that the drop in
transparency from visible to NIR increases with increased density. For example, for films made with a 30
nm diameter nanowire solution concentration of 0.5 mg/ml, the transparency drops four percentage points
between 550 nm and 2500 nm (Figure 5.1(b)). With a solution concentration of 1.5 mg/ml, the transparency
drops twelve percentage points over that same range. This effect is less pronounced for the thickest
nanowires (as observed in Figure 5.1(¢c)). Figure 5.2 shows the transmittance vs. wavelength of the 70 nm

and 100 nm nanowire networks at various densities, where these same trends are exhibited.
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Figure 5.2: The transmittance of (a) 70 nm and (b) 100 nm diameter nanowire networks made
from solution concentrations of 0.5, 0.8 and 1.0 mg/ml. Consistent with the observations in

Figure 5.1, the transmittance drops more significantly over the NIR region for thinner and
denser networks.

5.3.2 Transmittance Modelling

To further investigate the dependence of AgNW film transparency on diameter and density, systematic
modelling is conducted. The nanowire networks are modeled using MATLAB software as a mesh wire grid
with nanowire diameter, d, and nanowire spacing, a, as shown in Figure 5.3(a). I is the intensity of the
transverse magnetic (TM) and transverse electric (TE) plane waves at normal incidence incident on the

silver nanowire network and T is the transmitted intensity. The sheet impedance of the silver nanowire
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mesh can be modeled by relating the averaged electric field, E; , across the film to the surface current

density, ]:, through Equation (5.1):

~

7 (5.1)

N

(%)

E =

N

where Z_ is a 2x2 matrix which has eigenvalue solutions Z, t& and Zsrm to represent the equivalent sheet

impedance for TE and TM polarized waves . These values are given by

Zsrg = 2,0 + jwLg (5.2)

Zstm = Zsrg — ijLS sin®(6) (5.3)
where 0 is the incident angle of light hitting the nanowire film, ® is the angular frequency of the light, a is
the wire to wire spacing, Zy = (nr’c)"! is the DC impedance for silver, and Ls is the sheet inductance
parameter [123], [124]. This shows that at normal incidence, which is what is modelled here, the

interaction of light with the nanowire film is entirely TE and thus we will only focus on TE in this study.

(a) (b) 100 (€) 100
—_ 1 e 0.5 mg/ml
o X e 100 nm X
S 1 =
w %0 I w
() v
c 1 c
T T
E 80 1 \ E 1.5 mg/ml
| 1
-~ 5 [ \ =
C 70 c
"k‘ \ ! \l B
— > = Vi NIR L=
L
60 1 1
d);{' - 500 1000 1500 2000 2500 500 1000 1500 2000 2500
Wavelength (nm) Wavelength (nm)

Figure 5.3: (a) Schematic of the modelled silver nanowire grid with nanowire spacing, a, and
nanowire diameter, d. Light is incident from the top. (b) Simulated transmittance of indium tin
oxide vs silver nanowire networks with diameters of 30, 70, 100, and 120 nm. (¢) Simulated

transmittance of a 30 nm diameter nanowire network at concentrations of 0.5, 1.0, and 1.5
mg/ml.

The sheet inductance parameter from Equations (5.2) and (5.3), related to the imaginary portion of the

impedance in Equation (5.1), is given by

a Z2mr
c=2m(1-ew) (5:4)
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where 1 is the radius of the nanowire [123], [124]. To calculate the transmittance for TE polarized light,

one can analyze the electromagnetic boundary conditions and using geometry we find

Z
2( S'TE) cos 6
ZO

=——Zar (5.5

- Z
1+2( 7 )cosO
o

trg

where Z, is the impedance of free space [121], [122]. Figure 5.3(b) displays the modelled transmittance
in the visible and near-infrared regions for d = 30 nm, 70 nm, 100 nm, and 120 nm. The transparency of
ITO was modelled as a film with 40 nm thickness using a Drude model as demonstrated by others [9]. In
addition, Figure 5.3(c) models the dependence of transparency on wavelength for d = 30 nm at densities
corresponding to the same densities in Figure 5.1(b). Both Figures 5.3(b) and 5.3(c) yield similar results
to the experimentally measured values in Figures 5.1(a) and 5.1(b), indicating that the model matches with
experimental measurements. Additional plots showing the simulated transmittance of networks with
nanowire diameters of 70 nm, 100 nm, and 120 nm at various densities are shown Figure 5.4, which

confirms that this model matches experiment well for multiple nanowire diameters and densities.
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Figure 5.4: Simulated transmittance of nanowire networks at concentrations of 0.5, 1.0, and 1.5
mg/ml with diameters of 70 nm (a), 100 nm (b), and 120 nm (c).

5.3.3 The nanowire size effect

The real part of silver’s diclectric permittivity (the polarizability of a material to an electric field), i, is
plotted in Figure 5.5(a) and is the same for both bulk silver and silver nanowires (and is not diameter
dependent). It becomes more negative as the wavelength increases (frequency decreases) since the
electrons can respond faster to the changing electromagnetic ficld and reflect longer wavelength radiation.

This results in the transparency of all silver nanowire networks dropping at least slightly across the visible
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and NIR regions. As for the reason for the decreased transparency at larger wavelengths for thinner
nanowire networks (of a given concentration) and denser networks, Lee et al. attributes this to the smaller
spacings between nanowires in such films [125]. Another significant additional factor is observed: the
imaginary part of the permittivity, €, in the NIR region is larger for thinner nanowires, resulting in a higher
damping factor and hence larger absorption. This in turn results in a decrease in NIR transmittance. The
permittivity of a silver nanowire can be modeled using one Drude oscillator along with five Lorentz

oscillators for more accuracy [32], as shown in Equation 5.6:

2 2
Wp 5 fmwm

. m=1 .
wz+lypw w,zn—wz—lyma)

Epg = € — =g tig (5.6)

g

where o, is the plasma frequency of silver, on is the resonance frequency for each oscillator, fn, is the
magnitude of the Lorentz oscillator, yn is the damping rate of each oscillator, y, is the damping rate of the
Drude oscillator, and & is the DC permittivity of silver [126]. This was already implemented into this
model by converting the permittivity to conductivity and then substituting the altered conductivity into the
equation for sheet impedance (equation (5.2)). When the nanowires are very thin, more electrons are in
close proximity to the surface and thus scatter more as the mean free path between collisions of electrons
is larger than the diameter of the nanowire itself. This causes the imaginary component of the permittivity,

€ in equation (5.6), to be larger since v, is larger as shown in Equation (5.7):

v,

yp =7Vb + AO;F (57)

where vy, is the damping rate for bulk silver, v is the Fermi velocity of silver, d is the diameter of the
nanowire, and A, is a constant that depends on the details of the scattering process in the nanowire [126].
The imaginary part of the dielectric permittivity, &, is shown in Figure 5.5(b). When ¢; increases, the light
absorption or loss increases due to electron scattering at the nanowire surface when the nanowire diameter
is smaller than the electron mean free path. It can be seen that as the diameter gets smaller, the loss gets
higher, and the difference between diameters increases as the wavelength increases. Figure 5.5(c) shows
the simulated transparency of silver nanowire networks with diameters of 30 nm and 120 nm using the
damping rate of bulk silver vs the damping rate of a silver nanowire. It can be seen that taking into account
the dependence of the damping rate on diameter affects the transmittance curves of the thinner nanowires
more significantly than the thicker nanowires (the results for 70 and 100 nm diameters shown in Figure 5.6
confirm the same). Thus, the size effect of the imaginary part of the permittivity (&2) contributes to the

larger transparency drop of thinner nanowires in the NIR region. The curve for the 30 nm nanowires with
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the damping effect considered is lower at 550 nm as the plasmon resonance at 375 nm is neglected in the

non-damping effect model.
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Figure 5.5: (a) The real part of the dielectric permittivity, &;, is the same for bulk silver and
silver nanowires. (b) The imaginary part of the dielectric permittivity, €, of nanowires with 5 3 4
diameters ranging from 30 nm to 120 nm as well as that of bulk. (¢) Transmittance vs
wavelength of 30 nm and 120 nm nanowires with (yp) and without (y,) the diameter-dependence

of &; considered in the transmittance model.
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Figure 5.6: Transmittance vs. wavelength of 70 nm and 100 nm nanowires with (y,) and
without (y,) the diameter-dependence of €; taken into account in the transmittance model.

5.3.4 Nanowire Spacing

Another important factor that impacts optical properties over the NIR region for AgNW films is the
nanowire spacing. In Figures 5.5(c) and 5.6 it is shown that when the size effect of the permittivity is not

considered (curves labelled with y), the network consisting of thinner nanowires still drops more over the
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NIR region than the thicker nanowires. And the size effect also does not explain why the transparency of
denser films drops more over the NIR region compared to sparser films of the same diameter. These effects
can be explained by the smaller spacing between nanowires in films consisting of thinner or denser

nanowires, which on average is smaller than NIR wavelengths [127].

Figures 5.1(d) and 5.1(e) show SEM images of 30 nm diameter nanowire networks made using a silver
solution concentration of 0.8 mg/ml and 1.5 mg/ml, respectively. It is observed that at high concentrations,
the average spacing between nanowires is smaller, and when the spacing of structures in a film is smaller
than the wavelength of light, the power of light transmitted through a metal grid is equal to:

64

P, = —k*a®ce, E? (5.8)

54m
where E; is the incident electric field, c is the velocity of light, & is the wave vector (inversely proportional

to wavelength), a is the nanowire spacing and ¢, is the permittivity of free space [128].

At a given density, the transmittance drops over the NIR region since k decreases with increasing
wavelength as explained by their inversely proportional relationship. However, as the density increases, the
drop is more pronounced since the spacing between adjacent nanowires, a also decreases. Regarding
diameter, Figure 5.1(f) shows a 120 nm diameter nanowire network that has the same transparency in the
visible as Figure 5.1(d). It is clear that the average spacing is much larger than for the 30 nm diameter
network and thus, according to Equation (5.8), the transmitted light in the NIR is greater because longer

wavelengths can transmit more easily when there are larger gaps between nanowires [129].

To further elucidate these points, Figure 5.7 displays simulation results of how the ratio of
Transmittance@2500 nm compared to Transmittance@550 nm depends on the nanowire diameter (Figure
5.7(a)) and density (Figure 5.7(b)), where the effect of nanowire size on permittivity is neglected. In Fgure
5.7(a), the networks have the same areal mass density (amd), or mass of nanowires per area, of 100 mg/m?,
which corresponds to the density of 30 nm diameter networks that have 96% transparency at 550 nm. The

following equation is used to convert amd into spacing )[130], [131] if the nanowires are arranged in a grid:

amd = 4ndyy (=) (5.9)

where da, is the density of silver, r is the radius of the nanowires and « is the spacing of the nanowires

[126], [128]. Figure 5.7(a) shows that networks of a given density made from thinner nanowires have a
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smaller spacing which in turn, have a lower transparency at 2500 nm compared to the visible. Figure 5.7(b)
indicates how the ratio of T@2500 nm to T@550 changes with nanowire amd. As the amd increases, the
nanowire spacing decreases for all diameters, leading to a larger fall off in transparency in the near-infrared
region compared to the visible region. As consistent with Equation (5.9), the 30 nm diameter samples will
have the largest drop because they have the smallest nanowire spacing at the same amd compared to the

120 nm nanowire samples.
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Figure 5.7. (a) The simulated ratio of transmittance in the NIR to transmittance in the VIS for
nanowire networks of the same density with diameters of 30 nm, 70 nm, 100 nm, and 120 nm.
The transparency of the 120 nm nanowires drops the least between the visible and near-
infrared due to its larger spacing at a given visible transparency. (b) The simulated ratio of
the transmittance at 2500 nm to 550 nm vs areal mass density. The ratio of NIR to VIS
transmittance falls off faster for smaller diameter nanowires compared to larger ones.

To provide guidance on what AgNW spacing and hence concentration is required to achieve a certain
transparency in the visible in NIR, modelling was done to show the dependence of transparency on spacing.

Figure 5.8(a) shows the transmittance of silver nanowire networks with diameters of 30 nm, 70 nm, 100
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nm, and 120 nm at a wavelength of 550 nm in the visible region, and how it depends on nanowire spacing.
The transmittance increases drastically from 0% at zero spacing to greater than 80% once the nanowire
spacing, or nanowire concentration, reaches a certain value. The 30 nm nanowires require the smallest
spacing in order to reach a transparency of more than 80%, since for a given spacing thinner networks have
a lower amd (because of this they would also, however, have a worse sheet resistance than the thicker
nanowire grids at the same spacing). We show a similar plot in Figure 5.8(b) except in the near infrared
region at a wavelength of 2500 nm. As shown above in Section 5.3, the transparency decreases in the NIR
region for all nanowire diameters compared to their transparency in the visible because the power

transmitted through an aperture increases with the wave vector k, at a rate of k°[128].
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Figure 5.8: The transmittance vs nanowire spacing of silver nanowire networks for varying
nanowire diameters at a wavelength of 550 nm (a) and 2500 nm (b).

5.4: Further Results and Discussion

After the publication of the above work in Nanotechnology, further modelling and experiments were

performed for a more comprehensive understanding of the optical properties of these nanowire networks.

5.4.1 Reflectance and Absorption
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The above work focused on transparency of nanowire networks only. However, whether transmittance loss
is due to reflection or absorption is of interest. The reflectance and absorption can be related directly to the

transmittance through the equation:

T+A+R = 100% (5.10)

where T is the transmittance, R is the reflectance, and A is the absorption (Fox, n.d.)[132].

Figure 5.9 shows the reflectance vs wavelength (Figure 5.9(a)) and absorption vs wavelength (Figure
5.9(b)) simulations for nanowire diameters of 30 nm and 120 nm with the same amd where the damping
effect is included. Above, 500 nm, it is mostly reflectance rather than absorption that reduces the
transparency of silver nanowire networks. The reflectance is larger for smaller diameter nanowires (30 nm)
compared to larger ones (120 nm) at longer wavelengths because of two reasons: (1) the imaginary part of
the permittivity being larger for thinner AgNWs as wavelength increases and (2) the NW spacing being
smaller for thinner AgNWs at a given amd. This is demonstrated in the well-known relation for the

reflectance of a thin film at normal incidence from air given by:

_ (n—-1)%+k?
T (n+1)2+k2

(5.11)

where n is the refractive index of the thin film, and k is the extinction coefficient of the thin film [132]. As
k increases, which is related to the imaginary part of the permittivity through &; = 2nk, the reflectance will
increase as well [132]. n and k are also highly sensitive to changes in AgNW spacing and will both increase
with decreasing spacing. Figure 5.9(b) shows that the absorption of the nanowire networks is quite low,
with the exception of a strong peak at 375 nm corresponding to the plasmon resonance of silver. The slight
red -shift of the surface plasmon resonance for thinner AgNWs is due to the geometrical dependence of the
surface plasmon resonance [133]. For a material consisting of nanostructures with critical dimensions
much smaller than the wavelength of light, it is well known that the effective permittivity of the
homogenized material can be calculated using Maxwell-Garnett Effective Medium theory. The calculation
includes a geometrical factor that will change the effective permittivity of the film, and hence the location
of the absorption peak [133]. This resonance is stronger for smaller diameter nanowires as the nanowires
are spaced closer together and consequently there is more overlap of the evanescent near field generated by

the plasmon absorbance peak [37][37]. Itis also important to note that the absorbance increases for longer
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wavelengths for smaller nanowire diameters when the damping effect is accounted for. This is expected as

the imaginary part of dielectric permittivity is directly correlated to absorption [63].
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Figure 5.9: (a) The reflectance and (b) absorbance vs. wavelength of silver nanowire networks for
30 and 120 nm nanowire diameters with the damping effect included.

5.4.2 Nanowire Length

In this section the effect of nanowire length on transmittance is studied both experimentally and through
modelling. Silver nanowires with a diameter of 30 nm with three different lengths were purchased from
Novarials Coporation (Woburn, MA). Nanowire networks were coated on BK7 glass using the Mayer Rod
coating method as explained previously in Section 5.2. In order to ensure the same mass of nanowires was
used in each sample (thus leading to the same areal mass density, amd, in the network), 1 ml of each solution
was centrifuged at 10,000 RPM and the ethanol solvent was removed. Then the exact same mass of
nanowires was weighed, made equivalent, and 1 ml of ethanol was used to redisperse the nanowires into a
solution for all samples. SEM images of the three networks are shown in Figure 5.10. The average length

of the nanowires in the three samples were measured at 3 um (a), 28 um (b), and 88 um (c¢).
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Figure 5.10: SEM images of silver nanowire networks with 30 nm diameters and average lengths of
3 num (a), 28 pm (b), and 88 um (c), all at the same areal mass density.

The sheet resistance of each silver nanowire network was measured using a digital multimeter. The AgNW
films with nanowire lengths of 3 um, 28 um, and 88 pm had sheet resistances of 113 k€/sq, 142 Q/sq, and
4.5 Q/sq, respectively. The longest nanowires have the lowest sheet resistance as there are a fewer number
of nanowire junctions [120]-[122]. Nanowire junctions can have a high contact resistance while the

resistance along a nanowire itself is much lower [97].

The transmittance curves at normal incidence were obtained for all samples using a Perkin Elmer 1050
UV/VIS/NIR Spectrophotometer as shown below in Figure 5.11. Silver nanowire networks made with the
nanowire lengths of 28 um and 88 pm have very similar transmittance values throughout the visible and
NIR regions. They only differ by 3 percentage points at a wavelength of 2500 nm. The length difference
between these sets of nanowires is 3X, the same as the length difference between the thinnest (30 nm, 12
um long) and thickest (120 nm, 39 pum long) nanowires measured experimentally in Section 2.3. This
supports the reasoning that the differences in transparency among the samples experimentally characterized

in Section 5.3.1 is primarily due to diameter differences rather than length.

As for the very short 3 pm-long nanowires characterized in Figure 5.11, they have similar transmittance to
the longer nanowires in the visible, but the transmittance difference increases with increasing wavelength.
At 2500 nm, the transparency of the short nanowires are 20 and 23 percentage points lower than the 28 and
88 um long nanowire networks, respectively. Therefore, the difference in transmittance can be explained
by considering the length of propagation of the surface plasmon polaritons (SPPs) along the surface in the
longitudinal direction of the NW. For shorter AgNWs, the SPP will scatter at the end boundaries of the
AgNW, resulting in more energy being absorbed compared to longer AgNWs where the SPP has a longer
propagation length [134]. Additionally, the gaps between wires in the shorter AgNW networks are smaller

(and more numerous) compared to the longer AgNWs. The electric field will be higher in these smaller
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gaps, especially at wavelengths in the NIR, resulting in more absorption of incident light, and lowering

transmittance [122].
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Figure 5.11: Transmittance of silver nanowire networks at three different lengths while the
nanowire diameter and concentration are kept the same between all samples.

Simulations were performed to confirm and further understand the experimental results of the dependence
of the silver nanowire length on their optical properties using Lumerical FDTD Software. A 15 um x 15
um square area was set up with a random distribution of nanowires with lengths of 3 um and 12 um. The
total length of nanowires used in each case was 444 um. This equated to using 37 randomly distributed 12
um nanowires and 148 nanowires for the 3 um nanowire network. The diameter of all nanowires was 30

nm, and the total transmittance was extracted for each nanowire network.
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Figure 5.12: Simulated transmittance of silver nanowire networks using Lumerical FDTD at two
different lengths while the nanowire diameter and total length of nanowires (concentration) are kept
the same between all samples.

The results are shown in Figure 5.12. The trend matches with the measured experimental results in Figure
5.11, i.e. shorter nanowires show a larger drop off in their transmittance in the NIR region compared to the
visible one. This, as mentioned above, can be explained through the shorter propagation length of the SPPs

and the larger absorption of the smaller, more numerous gaps between NWs.

5.4.3 Nanowire Haze

For some applications including electrochromic displays and smart windows, electrode haze is important
as it effects the quality of the image or the amount of distortion seen when looking through the device. The

nanowire haze is defined mathematically as

Haze =15 =1a (5.11)
T¢ T¢

where T, is diffuse transmittance, 7 is the specular transmittance and 7; is the total transmittance measured
through the sample [135], [136]. The total transmittance of a sample consists of the two parts, specular

and diffusive transmittance. Specular transmittance accounts for light transmitted through the sample that
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travels in the same direction as the incident light while diffuse transmittance represents forward scattered
light that is scattered at a different angle to the incident light. In order to measure this experimentally, an
integrating sphere must be used in order to calculate all light that is scattered at non-normal incidence angles
as it travels through the nanowire network. A schematic of the experimental setup is shown in Figure
5.13(a). An acceptable value for the haze measurement of a window is < 10% of the total transmittance
[135], [136]. It is only in the visible region where haze is important. Figure 5.13(b), (c), (d), and (e) show
the dependency of haze on concentration for various NW diameters. As the concentration of nanowires
increases, the haze increases as there are more nanowires on the substrate to scatter light. A concentration
of 0.5 mg/ml is too low for the nanowire electrodes to be conductive enough for electrochromic applications
while 1.5 mg/ml is getting towards the upper limit of what we want the measured haze to be. Therefore,
there is a focus on a concentration of 1.0 mg/ml in the next chapter for making smart windows, which will

align with the sheet resistance and transmittance measurements discussed earlier in Section 5.3.

Figure 5.13(f) compares the haze value from nanowire diameters of 30 nm, 70 nm, 100 nm, and 120 nm at
a concentration of 1.0 mg/ml. AgNW films with a diameter of 70 nm have the highest haze values between
6 and 8%, while 100 nm nanowire networks have values ranging between 2.5 and 4% across the same
spectrum. It is already known in the field that thinner nanowires scatter less light than thicker nanowire
networks at the same concentration [137]; smaller diameter nanowires have a smaller cross-sectional area
seen by light, and as a result a smaller amount of light is scattered off normal incidence. However, smaller
diameter nanowires have smaller nanowire spacings at the same time so this can lead to higher haze as light
is more likely to scatter when there are more nanowires. Therefore, to minimize haze, it is preferable to
use a balance between thicker and thinner nanowires in the electrodes. 30 nm nanowires will be used as the

haze values between 5.5 and 7% are good enough to not make objects blurry to the human eye.
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Figure 5.13: (a) Schematic illustrating how specular and diffuse transmittance measured using an
integrating sphere. The haze at concentrations of 0.5, 1.0, and 1.5 mg/ml for nanowire networks with
diameters of 30 nm (b), 70 nm (c), 100 nm (d), and 120 nm (e). (f) A comparison of the measured
haze for nanowire diameters of 30, 70, 100, and 120 nm at a concentration of 1.0 mg/ml.

5.5 Conclusion

In conclusion, it was shown experimentally and theoretically that silver nanowire transparent electrodes
can have far higher transparency in the NIR region compared to the current state-of-the-art technology,
ITO. The transparency of nanowire networks drops across the visible and NIR wavelength ranges due to
the wavelength dependency of the real and imaginary permittivity of the nanowires themselves and due to
the larger relative size of the wavelengths to the average spacing between nanowires. Because sparser and
larger diameter nanowire networks have larger average spacing, and the imaginary part of the nanowire
permittivity is lower than for smaller diameters due to less surface scattering, such networks minimize the
drop in transparency between visible and the NIR. The transmittance of 120 nm diameter nanowire
networks with a transparency of 96% in the visible, for example, still maintains a high NIR transmittance
of 94% which is advantageous for some applications such as smart windows. It was found that reflectance
rather than absorption was primarily responsible for transparency loss in nanowire networks. It was also
found that the length of the nanowires plays a role in network transparency, with very short nanowires (3
um) in particular having an appreciably lower transmittance than nanowire lengths of 28 um or more in the
NIR. Because short nanowires also lead to higher sheet resistances, it is preferable to use long nanowires

in transparent electrodes.
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It is important to note that when designing an electrode for a particular application, there are many other
properties that vary with nanowire diameter and density that must be considered in tandem with their effect
on NIR transparency. It was shown that networks made from larger diameter nanowires have higher haze.
Other potentially relevant properties include surface roughness, electric field uniformity (for capacitive

switching applications such as smart windows), and charge collection efficiency (in solar cells).

The impact of the high NIR transparency of silver nanowire transparent electrodes on the performance of

window coatings compared to metal oxide electrodes will be investigated in Chapter 6.
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Chapter 6
The Higher NIR Transparency of Electrochromic Smart

Windows with Silver Nanowire Electrodes

In this chapter indium tin oxide (ITO) is replaced with silver nanowire electrodes in electrochromic smart
windows, placing particular focus on their ability to allow more NIR transmission in the winter. First,
modelling is used to calculate the performance metrics of these windows, including the solar heat gain
coefficient and U-factor. Then tungsten oxide/nickel oxide electrochromic thin films and completed smart
windows on both ITO and AgNW ceclectrodes are fabricated, characterized and compared in their

performance.

6.1 Introduction

A major application of electrochromic devices is smart windows [1]. Smart windows are used in buildings,
cars, planes, and even eyewear [1]. They have both economic and environmental impact with their potential
for energy savings and reduction in carbon dioxide emissions. As discussed in Chapter 1, electrochromic
smart windows are the best performing smart windows in terms of haze, on/off voltage, and transmittance
on/off ratio [1]. Smart windows predominantly use two layers of metal oxides such as ITO, FTO or AZO
as transparent electrodes, but as discussed thoroughly in this thesis so far, these metal oxides have a low
NIR transparency which limits the amount of solar heat that can enter a building in the winter. These metal
oxides are also costly and lack mechanical flexibility [40]. As reviewed in Section 1.6.2, AgNW electrodes
have been integrated into a few electrochromic windows in the literature. Not only are AgNW electrodes
lower in cost, more convenient to deposit and have better mechanical flexibility than metal oxides, the
windows also can have better performance. In this chapter electrochromic films and devices using AgNW
electrodes are fabricated and tested, with particular focus on the ability of these electrodes to permit more
NIR radiation across the window in the off state. And for the first time, the solar heat gain coefficient

(SHGC) of smart windows using AgNW electrodes is calculated and compared to devices using ITO.
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Figure 6.1: (a) Schematic of the smart window device. (b) Transmittance in the visible and near
infrared of PEDOT:PSS and tungsten oxide.

In this chapter, smart windows are implemented using WOs and NiO, the most commonly used primary
electrochromic material and ion storage (or secondary electrochromic) material, respectively. Unlike
PEDOT:PSS used in Chapters 2 — 4, WO;s is transparent to the NIR when in the off state (Figure 6.1(b)),
and thus can allow solar heat to traverse the window if the electrodes are also transparent in the NIR.
Regarding NiO, devices have been shown to be more stable when an ion storage layer is used. An ion
storage layer acts in opposition to the primary electrochrome in terms of the polarity of the applied voltage
causing it to be bleached or coloured [1]. When the primary electrochrome is bleached, the secondary
electrochrome is also bleached even though it sees the opposite voltage polarity. This is also true when the
window is switched on and both layers will become coloured. This increases the on/off ratio of the
transmittance further. Together, WO; and NiO have a big transparency change between the on and off
states, a good response time, and have good colouration efficiencies (WOs = 70 &/cm*C! and NiO = -30
E/cm*C ") [1]. The final designed device structure is shown in Figure 6.1(a). The electrolyte used will be
lithium perchlorate salt dissolved in propylene carbonate. It was found that the LITFSI Emim TFSI with
PMMA electrolyte used in previous chapters does not work in this case as the PMMA dries out the tungsten

oxide and results in no colour change occurring, even when a current is measured in the CV or CA.
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6.2 Window Performance Metrics

Figure 6.2 shows the general structure of a window. It usually consists of two panes of glass with a small
gap (usually filled with an inert gas such as argon) in between and they are placed in a frame for structural
support. There are three main places in the window setup where heat loss comes from: centre-of-glass,

edge-of-glass, and the frame.

The U-factor of the window describes the rate of heat loss of a window. The lower the U-factor is, the more

resistance the window is to heat flow. The overall U-factor of a window is given by

_ Acg ch +Aeg Ueg +Afr Ufr

U
Apg+ Aog+ Ay, (6.1)

where Aj is the area for i = centre-of-glass, edge-of-glass, and the frame, while U; is the U-factor of each
component that contributes to energy loss in the window [141]. The U-factor (in units of W/m?*K) for each

component of the window can be described as

qi
Uy=——= 6.2

where qi is the heat transferred at the indoor surface of the window given in units of W, AT is the

temperature difference between the building and the outside, and A; is the area of the component [141].
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Figure 6.2 Schematic of a window when it is installed in a building, The areas of the frame, edge of
glass, and center of glass are indicated for calculations of the U-factor and solar heat gain coefficient
[141].

A second figure of merit is called the Solar Heat Gain Coefficient (SHGC) which describes the fraction of
solar radiation that enters a building. The SHGC can carry a value between 0 and 1 [141]. When the SHGC
is 0, electromagnetic radiation emitted by the sun is completely blocked from entering the building. The

SHGC 1is defined as

SHGCi= = Tso + X125 AiN; (6.3)
where
n-1
N; = Z al (6.4)
' LRt .

J=t

where R; is the reciprocal of the U-factor for each component, 7, of the window [141]. In other words, it is
the resistance to heat loss for each interface in the window. 7, is the solar transmittance of the window to
sunlight, A; is the absorbed portion of incident solar radiation and N;j is the inward flow fraction of the
absorbed solar radiation [141]. The overall SHGC of the window can be found similar to the overall U-
factor under the common assumption that SHGCy = 0 and SHGC.y = SHGC.g. The subscripts “fr”, “cg”,
and “eg” represent the areas of the window referred to the frame, centre of glass, and edge of glass,

respectively. The expression for the overall SHGC is
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(Agg +Aeg)SHGC,4
Agg +Agg + Apy

SHGC = (6.5)

In order to achieve a SHGC that is higher in the winter and lower in the summer, a material or coating that

can change its properties depending on the season or outside temperature has to be added to the glass.

The emissivity, €, can be related to the absorption of a material at a certain temperature through Kirchoft’s

Law:

e(,0,T) = o), 0, T) (6.6)

where a is the absorption which is dependent on incident angle of light, &, wavelength, 4, and temperature
T [142]. In other words, all radiation that is absorbed at a certain wavelength, angle, and temperature has
to be re-emitted at the same wavelength, angle, and temperature. This allows us to model and measure
emissivity quite easily. For a smart window, the goal is for the emissivity or absorption to be as low as
possible at longer IR wavelengths in order to prevent radiation from being absorbed and re-emitted into the

other side of the window, resulting in anindoortemperature decrease in winter and increase in summer.

6.3 Modelling and Simulations

The software WINDOW is used to determine the SHGC and U-factor of the window systems designed in
this work. This is the industry standard as experimentally measuring the U-factor and SHGC is very costly
and difficult to do. MATLAB will be used to calculate the transmittance, reflectance, and emissivity across

the UV, visible and NIR to be used in the WINDOW simulations.

Silver nanowire electrodes consist of two different types of constituent structures in the overall layer: the
silver nanowires and the air in the gaps between each wire. Effective medium theory (EMT) is used to
homogenize the silver nanowire electrode so it can be treated as one uniform film by knowing the geometry
and permittivity of the individual parts making it up. For a random network of silver nanowires, the

Maxwell Garnett effective medium approximation is given by
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where ¢ is the permittivity of the composite silver nanowire layer, &ver is the permittivity of a silver
nanowire, €. is the permittivity of air, p is the fill fraction of silver nanowires covering the surface varying
between 0 and 1, and L; are the depolarization factors, accounting for the orientation of the nanowires in a
random network [143]. For a random network, L; = 0, L, = 0.5, and L3 = 0.5 [143]. The adjusted
permittivity for silver nanowires was calculated for 30 nm nanowires and taken from my modelling in
Section 5.4. The permittivity of WO3 in the on and off state was taken from Rottkay et al. [144], [145]. In
this case, an anisotropic model was used where the permittivity parallel to the NiO film is & = &, and the
permittivity perpendicular is €,. The permittivity of NiO in the clear state was modelled using Valyukah et
al. [145] and the permittivity in the coloured state was fit to Granqvist et al. [10]. The permittivity of ITO
is taken from Askari et al. [10].

In order to simulate the reflectance, absorbance, and transmittance of the multilayer stack, the transfer
matrix method is used. In this method 2x2 matrices are multiplied together with the interface between two
layers and the propagation within each layer represented by each matrix [146]. The 2x2 matrices that
represent each interface are different for p or TM polarized light and s or TE polarized light. For TM waves,

it 1s defined as:

cosf; cosH;
D — [ i l] 6.8
p Niz Ny ( )
and for TE waves:
1 1
Ds = [nixcosei —nixcosei] (6.9)

where n; is the complex refractive index for each layer, 7, in the x and z direction, respectively. 8 is the
incident angle and in this case will always be taken as 6=0 for normal incidence. The propagation matrix

for both TM and TE waves is given by

_[et® 0
Pi=|°, e_i(p] (6.10)

where ¢ is the phase of the plane wave and is given by ¢ = kixd; where d; is the thickness of the layer i, and
kix is the x component of the wavenumber, given by k = 2n/A, where A is the wavelength of light. Then, the

total matrix can be calculated as
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where the -1 above the component in the multiplication of the matrices represents the inverse of the
individual matrix and N is the final layer of the system. From the parameters M;; in the final 2x2 matrix,

we can calculate the reflectance and transmittance as follows:

M. 2
R=|* A2
™™ (6.12)
__ npycosfy 1 2 6.13
T npcos, IMy, (6.13)

where ny and n, are the refractive index of the incident and transmitted medium (air) while 6o and Oy are
the incident and transmitted angle of the electromagnetic radiation. For this modelling, both 6o and Ox were
taken to be 0° or normal incidence. However, in reality, light comes from every angle of incident from 0°
to 90. From this, the absorbance can be calculated as A = 1 — (R+T). For the smart window system whose
schematic was shown in Figure 6.1(a), the transmittance, T, reflectance, R, and absorbance, A are shown
below in Figures 6.3(a), 6.3(b), and 6.3(¢c), respectively. We show the cases for silver nanowire electrodes
and ITO electrodes when the smart window is in both the on and off state. The oscillations in the
transmittance and reflectance plots are well known and come from Fabry-Perot resonances or thin film
interference. These occur when standing waves are created when the wavelength of light matches the exact
optical path length of a particular layer or system. In Figure 6.3(a), the transmittance of both devices is
similar in the visible region, in both the on and off states. However, as expected, the device with the AgNW
electrodes is more transparent in the NIR region. In the off or clear state, the AgNW based device has a
transmittance above 80% at 3000 nm while that of the ITO based window drops to almost 40%. This is an
advantage in winter or colder climates when more heat in the NIR can be transmitted through the window
and assist in the heating of a building to reduce heating costs. In the coloured state, the transmittance at
3000 nm is near 30% for the device with AgNWs versus 21% for that with ITO. Overall, AT at 3000 nm
for silver nanowire devices (~50%) is much greater than for ITO ones (~25%). The reflectance for the
smart window in Figure 6.3(b) shows no appreciable differences between the devices with ITO and silver
nanowire electrodes. For either device, when the window is turned on and off, there is a shift in the large
peak in the NIR which is just due to the colour change of the window from light yellow to dark blue. Figure
6.3(c) shows the absorbance of the windows. Again, the silver nanowire-based windows perform similarly
to the ITO based windows in the visible region. However, due to its plasmon resonance, ITO is more

absorbing in the NIR. In the summer when you want to absorb or block NIR radiation, the device with
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silver nanowire electrodes absorbs less than that with ITO electrodes (by 15 percentage points at 3000 nm),

but the difference is smaller than in the off state (40 percentage points at 3000 nm).
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Figure 6.3: Modelled transmittance (a), reflectance (b) and absorption (c) of smart window devices
in the clear and coloured state for ITO vs AgNW electrodes.

In order to better judge how well the silver nanowire and ITO based windows perform, it is important to
examine the performance metrics of the window: the U-factor and the SHGC as discussed earlier in Section
6.2. Measuring these directly, however, is very expensive and difficult to do. It is more practical to measure
or calculate the transmittance, reflectance, and emissivity of the window and then input it into the software
called WINDOW 7.8 in order to calculate the U-factor and SHGC of the window. The transmittance and
reflectance in the VIS and NIR along with the emissivity in the IR are all then used to calculate the U-factor

and SHGC through Equations 6.1-6.4.
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Figure 6.4: (a) Schematic of double glazing window system simulated in WINDOW with plain glass
on the outdoor side. (b) Schematic of double glazing window system with a smart window replacing
the glass on the outdoor side of the window.

Using Kirchoff’s Law, the emissivity is calculated by averaging the emissivity at each wavelength in the
mid and far infrared (5000 nm to 30,000 nm). Using the transfer matrix method in MATLAB described
above with the same permittivities or refractive indexes for each layer in the on and off state, the
transmittance, reflectance and emissivity were input into the WINDOW software. The window was
modelled as a 2-pane window system with plain glass on one side, and a low-E coating (¢ = 0.1) with a
thickness of 6 mm on the indoor side. In between, the two panes, the gap was filled with a 90% argon and
10% air mixture in a gap thickness of 12 mm to help with insulation and prevent convection of heat across
the window. A schematic of this setup is shown in Figure 6.4(a). The double pane setup is the most
commonly used in buildings. The area of the window system was set to be 600 mm x 600 mm. The U-
factor for this setup was calculated to be 1.455 W/m?K and the SHGC was 0.602. The plain glass was then
replaced with a 6.1 mm thick smart window device with the transmittance, reflectance, and
absorption/emissivity properties calculated from MATLAB simulations. This setup is shown in Figure
6.4(b). These properties were calculated in the on and off state, both with PU-AgNWs and ITO as the

transparent electrode.
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Table 6.1: U-factor/SHGC simulations using WINDOW 7.8

U-Factor (W/m**K) SHGC

ITO Clear 1.449 0.510
AgNW Clear 1.367 0.534
ITO Colour 1.351 0.177
AgNW Colour 1.373 0.186

The calculated U-factors and SHGC for windows with ITO and AgNW electrodes in the coloured and clear
states are shown above in Table 6.1. The U-factor, which relates more to heat convection and conduction
across the window, is lower for AgNW devices in the clear state but higher in the on state. This can be
explained by examining the emissivity of the windows for longer room temperature radiation between 5,000
and 30,000 nm. The emissivity is higher for ITO based windows in the winter but lower in the summer.
This leads to a lower U-factor in the winter for PU-AgNWs but slightly higher value compared to ITO
devices for summer months. The overall advantage therefore goes to the AgNW devices as the difference
in U-factor is larger in the off state compared to ITO than the on state. The SHGC, which relates to radiation
of solar heat through the window, is higher for the windows with AgNW electrodes due to their higher
transparency in the NIR. This is desirable in the winter (clear state) as the solar heat can help heat a building
thereby leading to energy savings. This is undesirable in the summer (coloured state), though the difference
in the SHGC for the AgNW and ITO based devices is smaller in the coloured state, 0.009, compared to the
difference in the clear state, 0.024. Thus overall, the devices with the AgNWs perform better in regards to
these metrics, especially in climates like Ontario where there are many more months of cold weather than

warm.
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6.4 Device Fabrication

6.4.1 Electrochromic Materials Synthesis

WO; nanoparticles with an average diameter of 100 nm were used (Sigma Aldrich 550086). To make the
WO; solution, 1.8 g of the WO; nanoparticles were placed in a glass vial. Then, 2.1 g of isopropyl alcohol
and 2.1 g of DI water were mixed with the nanoparticles. The resulting solution was sonicated with a
probe sonicator at a frequency of 19 kHz for 2 hours before being stirred at 500 RPM for 72 hours in order

to ensure good dispersion of the nanoparticles.

To synthesize the NiO solution, 50 mg of NiO powder (Sigma Aldrich, 203882) was placed into a glass
vial. Then, 3.65 ml of DI water and 6.65 mL of IPA were added to the solution. The resulting solution
was sonicated with a probe sonicator at a frequency of 19 kHz for 2 hours before being stirred for 72 hours

in order to ensure good dispersion of the nanoparticles.

For the electrolyte, 1.0 M of lithium perchlorate (LiClOs, Aldrich, 431567) and 0.05 M of ferrocene
(Aldrich, 98%, F408-5G) was combined with anhydrous propylene carbonate, (Aldrich, 99.9%, 310328).
The resulting solution was covered, heated to 70°C, and stirred until the LiClO4 and ferrocene were

completely dissolved.

6.4.2 Device Fabrication

Ag NW electrodes were fabricated using nanowires with average diameters of 49 nm and length of 88 um
(Novarials Corporation, A30UL) as determined in Chapter 2. The concentration was 1.0 mg/ml. The
NWs were deposited on 2.5 cm x 2.5 cm BK7 glass substrates using Mayer Rod coating with Bar #10 and
4 coats. The Ag NWs were then annealed in a vacuum oven for 30 minutes at 150 °C. Next, silver
conductive paste (Ted Pella) was used to make one strip along one side of the AgNW coated substrate to
create contacts for the final device. The electrodes were left to dry for 2 hours. Afterwards, the AgNWs
were coated with PU using the synthesis method outlined in Chapter 3 at a spin speed of 3000 RPM for
60 seconds. PU passivated electrodes were cured using a UV oven (Norland, Traydex-18 UV/Visible

Oven) for 180 seconds.

146



150 pL of WO3 solution was dropped onto a PU-AgNW electrode in a spin coater. The dispensing of the
solution was done statically. After the full 150 uL was dispensed, the spin speed was set to 3000 RPM
for a time of 30 seconds. This was repeated once more. Then, the substrate was annealed on a hot plate
at 150 °C for 15 minutes. 150 pL of NiO solution was deposited and annealed on a separate electrode in
the same manner, except the coating was done 5 times. The film thicknesses were each measured using a

Buker Dektak Profilometer. The thicknesses were found to be 100 nm for NiO and 975 nm for WOs.

For devices with ITO electrodes (SPI, 06403-AF) instead of AgNW electrodes, the ITO had to be treated
in order to make the surface hydrophilic. The natural hydrophobicity of the ITO surface does not allow
for thin films to be easily spin coated onto them. Samples were placed in a Yield Engineering Systems
CV200RFS Photoresist Strip & Descum system and etched in an O, plasma for 180 seconds at a power of
300W. This process made the samples hydrophilic. The plasma etch did not change the sheet resistance
of the ITO. WOs and NiO films were then coated on separate ITO electrodes in the same manner as

described above.

To complete device assembly, a 3 mm thick square gasket was cut out of Fel-Pro 3060 Gasket material.
The gasket was 2.5 x 2.0 cm with a 1.75 x 1.75 cm window on the inside created for the electrolyte. Clear
RTV silicone (JB Weld) was used to bond the gasket to one substrate. Then, 0.5 mL of LiCIO4-PC based
electrolyte (synthesis details in Section 6.4.1) was placed into the gasket. The top side of the gasket was
coated with RTV silicone, and the other substrate was placed on top of the gasket. The final devices were
then left to dry in ambient conditions for two hours in order to ensure the electrolyte was fully dried before

device characterization.

6.5 Thin Film Characterization

6.5.1 X-Ray Diffraction (XRD)

In order to determine and confirm the quality of the NiO and WOs nanoparticles, X-Ray diffraction (XRD)
was performed. To do this, separate 2.5 cm x 2.5 cm x 1 mm glass substrates had 3 layers of NiO or WO3
deposited on top of them using the same procedure as outlined in Section 6.5. The samples had their XRD
spectrum measured over the full angular spectrum from 10° - 90° using a PANalytical X pert Pro MRD
HR-XRD. The results are shown below in Figure 6.5.
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Figure 6.5: X-Ray diffraction spectra of WO; (a) and NiO (b) nanoparticle-based films used as the

electrochromic and ion storage layers, respectively, in the smart window.

The tungsten oxide peaks of 002, 022, and 220 match best with orthorhombic tungsten oxide as shown in
Kalhori et al. [147]. The nickel oxide peaks corresponding to 111, 200, and 220 best correspond to a fcc
(face centre cubic) structure of NiO[148].

6.5.2 Transparent Electrode Transmittance and Sheet Resistance

In Chapter 5, it was found that 120 nm diameter silver nanowires had the highest transmittance in the NIR.
However, the nanowire spacing for these wires were larger. In order to create a uniform switch, it is ideal
for the gaps between nanowires to be minimized to obtain a more uniform E-field across the x-y plane.
Also, the surface roughness of AgNW electrodes containing large diameter AgNWs, even when PU is used,
is larger. This causes the thickness of layers spin-coated on top to be uneven, especially when these layers
are very thin as is the case for the NiO film used here. Thirdly, as determined in Chapter 5, the sheet
resistance of electrodes made using thinner AgNWs is lower. For these reasons, the nanowire diameter was
chosen to be 30 nm. The longest average length available, 88 um, was chosen as these lead to lower sheet

resistance and higher NIR transparency.
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For an accurate comparison between ITO and AgNW electrodes, the transmittance in the visible at a
wavelength of 550 nm should be the same. Figure 6.6(a) shows the transmittance in the UV, VIS, and NIR
measured on a Perkin Elmer Lambda 1050 of the ITO and AgNW electrodes at a concentration of 1.0
mg/ml. At 550 nm, the transmittance of the ITO and AgNWs overlaps at a value of 88%. At this
transmittance, the sheet resistance of the ITO and AgNWs were found to be 41 Q/sq and 7 Q/sq,
respectively. The most striking difference between the ITO and AgNW electrodes is the transmittance in
the NIR. The AgNW transmittance stays above 80% but the transmittance of the ITO dips down to 20% at
a wavelength of 2300 nm. For the AgNWs, the haze for a 30 nm nanowire film at a concentration of 1.0
mg/ml is below 7% across the visible region. This was shown in Figure 5.13. 7% is well below the

acceptable limit of 10% for a film to show good enough clarity when looking through it.
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Figure 6.6: (a) Transmittance vs wavelength of AgNW and ITO electrodes which are 88% in the
visible. (b) Transmittance vs wavelength of WO3, NiO, and the LiClOj4 electrolyte.

Figure 6.6(b) shows the transmittance of the other components of the smart window system. The LiCIO4 -
PC electrolyte has a transmittance of over 90% across the VIS and most of the NIR. At 2300 nm, there is
a decrease in transmittance to 70% which starts to increase again as we measure deeper into the NIR. For
NiO, a modest change in transmittance is seen between 500 nm and 800 nm, corresponding to the brown
colour it turns when in the on state. The oscillations seen are from thin film interference or Fabry Perot
modes. NiO also has a change in transmittance above 2000 nm. The WO; transmittance is much lower. In
the off state is stays between 20 - 30% through most of the VIS and NIR but in the on-state dips to a peak
of 8% at a wavelength of 650 nm. The thickness of the WOj3 being quite large is an explanation for this; it
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is larger than what would be used in an ideal device. Lower wavelengths in the visible are strongly
absorbed, leading to the dark blue colour that WO; shows when in the coloured or on state. The noise that
is seen in the NIR for all films and comes from an artifact in the InGaAs (indium gallium arsenide) detector

above 2200 nm.

6.5.3 Cyclic Voltammetry & Cyclic Amperometry of Films

Photos of WO3 on ITO (Figure 6.7(a)) and AgNWs (Figure 6.7(b)) are shown in the on and off state. We
can see a clear uniform switch and colour change from a pale yellow to a dark blue in both cases. In Figure
6.7(c), we see the on and off states for NiO on ITO. There is a clear colour switch from clear to brown for
the device on ITO. However, in Figure 6.7(d), there is unfortunately no clear difference between the on
and the off state when the NiO is deposited on AgNWs. The NiO layer is very thin, 100 nm. It was seen in
Chapter 2 that even though the average surface roughness of the PU-passivated NW electrode is 16 nm,
there are surface peaks on the electrode that are > 100 nm. Therefore, the thickness of the spin-coated NiO
layer is likely non-uniform and possibly even non-continuous in some places. This would prevent the NiO

from switching uniformly.

(a) (b) (@]

Figure 6.7: Photos of WQO; in the on and off state on (a) ITO and (b) AgNW electrodes. Photos of
NiO in the on and off state on (¢) ITO and (d) AgNW electrodes.
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The CV for WO; on ITO is shown in Figure 6.8(a). The reduction peak where the current is at its lowest
occurs at -1.8 V. The oxidation peak then occurs back closer to -0.2 V where the colour changes back to
pale yellow occurs. As multiple cycles are measured, the peak reduction current gets smaller and smaller.
This is due to the WO; in the redox reaction not being completely reversible and some of the Li ions
remaining with the WOs, keeping it blue. This is also seen with the eye during CV measurements - the pale
yellow colour seen at the start is not seen again once cycling starts and instead a light blue colour is seen.
For the CV of WOs on AgNWs seen in Figure 6.8(b), we see a similar effect. The peak reduction current
at -1.4 V gets smaller with each cycle due to non-reversible Li-WOs effects as with the ITO. The oxidation
peak also shifts to larger and larger voltages with each subsequent cycle. This is due to the PU not
completely passivating the AgNWs and the sheet resistance increasing due to the oxidation/sulfidation of

AgNWs with an applied current.
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Figure 6.8: CV of WO;o0n ITO (a) and AgNWs (b) and CV of NiO on ITO (c¢) and AgNWs (d) over
the first three cycles.
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In Figure 6.8(c) the CV of NiO on ITO is shown. The overall curves are consistent with each subsequent
cycle. This shows more stability and reversibility of the redox reaction. The reduction peak occurs at -1.8
V and the oxidation peak occurs at +1.8 V. These voltages are much higher than those reported in literature
where the redox reaction for NiO usually lies between +/- 0.5 V. This is due to the lower crystallinity of
the NiO compared to that used in other works. The annealing temperature used in this work is lower (150
°C) compared to others where greater than 400 °C is used. Higher temperatures cannot be used as the
nanowires would not withstand higher temperatures. The CV of the AgNWs with NiO is shown in Figure
6.8(d). The first cycle (black curve) shows a high magnitude peak reduction current than NiO on ITO, but
all subsequent cycles show very poor repeatability and low current values. This helps explain the lack of
colour change of the NiO on AgNWs. There are no clear redox peaks seen and the area under the CV curve

is small. A larger area would correspond to more charge transferred during the cycle.

The kinetics of the WOs3 and NiO on the electrodes are shown in Figures 6.8(a) and Figure 6.8(b),
respectively. In Figure 6.9(a) the current on either electrode reduces with subsequent cycles because of the
non-reversibility of the WOs. The film on AgNWs (red curve) shows a quicker fall-off to a stable
approximately zero current level which indicates a faster switching time. In Figure 6.9(b), the current
through the NiO is higher for the ITO electrode. This is expected as there is a clear colour change on ITO
but not for the AgNWs.
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Figure 6.9: (a) CA of WO3 on ITO (black curve) and AgNW (red curve). (b) CA of NiO on ITO
(black curve) and AgNWs (red curve).
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Table 6.2 shows the electrochromic properties of the WO; and NiO films on PU-AgNWs and ITO. For
WO;, the change in transmittance is slightly higher when AgNW electrodes are used and the change in
colour is very similar for both electrodes. However, because of the higher current density seen in the CV
for PU-AgNWs, the coloration efficiency is much lower as to get the same colour change, more charge is
transferred compared to ITO. An advantage of the PU-AgNWs is the lower sheet resistance lowers the
switching time dramatically compared to the WO; films on ITO. Additionally, the turn on voltage is
lowered by 0.4 V. For NiO there is no visible observed colour change or change in transmittance with the
AgNW electrodes. However, the ITO shows a good change in transmittance, an observable colour change,
and decent switching times. Additionally, the redox peak occurs at the same voltage as WO;, This is good

for implementation into a device which is the next step in the fabrication of the smart window.

Table 6.2: AT, AE, CE, Ton, Totr, and V,, for WO3 and NiO films on ITO and AgNW Electrodes.

AT(%) AE CE (cm?%C) Ton Tofr Von (V)
WO; -1ITO 23 49 47.6 41 19 -1.8
WO; - 27 45 7.4 18 2 -1.4
AgNW
NiO -ITO 22 12 7.0 5 14 -1.8
NiO - - 7 - 14 20 -
AgNW

6.6 Device Characterization

Figures 6.10(a) and 6.10(b) shows the fabricated WO3/NiO smart windows in the on and the off state on

ITO and PU-AgNWs, respectively. We can see a clear colour change between the on and the off state from
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a pale yellow to the dark blue in both cases. Figure 6.11 shows the transmittance of these smart windows
in the on and the off state. Starting with the VIS region, the ITO window in the on and the off state has a
lower and higher transmittance than the AgNW window, respectively. Part of the reason for the lower
transmittance change in the visible for the device with AgNWs is that the NiO doesn’t switch at all.
However, even in Zhou et al. where only WO;3; was used, the transmittance of ITO based devices also had
higher AT in the visible compared to AgNW based devices. Reasons for this could include higher haze

values from the surface roughness of the AgNW electrodes.

In the NIR region and we can see that the device with NW electrodes are indeed more transparent than the
ITO device in the off state. The transmittance is above 20% in the NIR for the PU-AgNW device whereas
the transparency of the ITO based window dips down to below 5% by a wavelength of 2000 nm. Therefore,
the window with AgNW electrodes would allow more solar heat in during the winter and then block a

similar amount of solar heat as the ITO window in the warmer summer months.

(a) (b)

Figure 6.10: Fabricated smart window devices using WO3 and NiO films on ITO (a) and PU-AgNW
Electrodes (b).
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Figure 6.11: Transmittance of fabricated smart window devices using WO; and NiO films on ITO
and PU-AgNW electrodes in the on and the off state.

Figure 6.12(a) and figure 6.12(b) shows the CV of the ITO smart window and PU-AgNW smart window,
respectively. There are clear reduction and oxidation peaks at -4.0 V and +1.0 V for the ITO window.
There is also good repeatability for the current level and location of the oxidation peak. However, due to
the non-reversibility of the WOj; reaction, the reduction peak decreases after each cycle. In Figure 6.12(b)
the peaks are not so clear. There is an oxidation peak in the first cycle in the same location as ITO,
attributing to the off state of the PU-AgNW device. However, after the first cycle, the device no longer
switches; there is no defined peak as seen in the red and blue curves. This means the PU is not having as
good of a passivation effect as anticipated and the sheet resistance of the AgNWs is therefore increasing.
The applied voltage is higher than that used in Chapters 2-4 where PEDOT:PSS was the electrochromic
material used. In fact, a full colour switch was not seen in either the ITO and AgNW based windows until
a DC power supply was used to apply +/-4.5 V. At these voltages, there is much higher current levels that
can lead to the oxidation/sulfidation of the AgNWs. In previous work, the WO; and NiO was deposited
using high vacuum and then annealed at high temperatures. The applied voltages in the CV were lower as
a result due to the higher crystallinity and quality of the films in these cases. Future work needs to be done

in order to lower the operating voltage of the smart windows to prevent AgNW oxidation.
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Figure 6.12: CV of fabricated smart window devices using WQOs and NiO films on ITO (a) and PU-
AgNW electrodes (b).

The CA plots of the ITO and PU-AgNW based windows are shown in Figure 6.13(a) and Figure 6.13(b).
There is good stability over 5 cycles for the ITO based window with the current levels remaining constant.
However, the current density in Figure 6.13(b) is -6 mA/cm? at the first cycle and then has a very low
current density for every subsequent cycle. At such a large current density, the AgNWs are very susceptible
to oxidation/sulfidation. The sheet resistance would increase and then may not be low enough to switch

the window.
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Figure 6.13: CA of fabricated smart window devices using WQOs and NiO films on ITO (a) and PU-
AgNW electrodes (b).
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The electrochromic performance parameters of the two windows are shown below in Table 6.3. The change
in transmittance is 9 percentage points higher for the ITO window partially due to the NiO not switching
with the AgNW electrodes. The colour change is however very similar for both devices. The colouration
efficiency is much improved for the ITO based device because of its lower peak current density. One
advantage of the AgNW is their higher conductivity for a given transparency (during the first switching
cycle) which leads to a strong improvement of switching on-time. Others have found AgNW based smart
windows to show superior electrochromic performance to those made with ITO electrodes which leads us
to believe that with further work, the PU-AgNWs will show more stability and hence superior

electrochromic performance [20], [149].

Table 6.3: AT, AE, CE, Ton, Totr,and V,, for smart windows with ITO and PU-AgNW electrodes.

AT(%) AE CE (sz/C) Ton Toff Vapplied (V)
ITO 39 17 30.5 9.1 14.2 +/-4.5
PU-AgNW 28 15 7.8 1.6 19.8 +/-4.5

In highly variable climates such as in Canada, the performance of the windows when the outside
temperature is very warm in the summer or bitterly cold in the winter are very important. In order to test
the versatility of the windows with temperature, the windows were heated up to 50 °C for 2 hours and
another set of windows were left in a freezer at a temperature of -18 °C for 48 hours. The resulting CV’s
are shown below in Figure 6.13 after the windows return to room temperature. In Figure 6.14(a) we see
that the ITO based device has little change before and after heating. There is even a slight decrease in the
oxidation peak to a lower voltage from +1.0 V to +0.8 V. It is possible the heating improved the quality of
the films slightly. For the PU-AgNW device, the CV curve changes with each cycle and thus it is very
difficult to assess the impact of the heating. However, compared to the freezing experiment, the CV curve

does look worse with heating so it is possible AgNW electrodes would have difficulty performing well in
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hot weather. AgNWs are indeed known to degrade faster at elevated temperatures so attention to preventing

this may be needed for real-world smart windows.
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Figure 6.14: CV plots of an ITO (a) and PU-NW (b) smart window after being heated to 50 ° C for 2
hours. CV plots of an ITO (c) and PU-NW (d) smart window after being frozen for 48 hours at-18
°C.

After freezing, the reduction peak for the ITO device shown in Figure 6.13(c) gets slightly larger but then
decreases again from the non-reversibility of the WO;. However, it still shows a clear colour change,
showing it can work in cold climates. For the PU-AgNW device, it is again difficult to assess, but it
tentatively appears that the freezing did not worsen the performance of the device. These preliminary
results show that the devices are stable enough to be used on the outdoor glass side of a two pane glazing
system. However, further work is required requiring long term high and low temperature study as well as

measuring the temperature of the devices in a solar simulator.
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6.7 Conclusion

It was shown through both modelling and experiments that replacing ITO with AgNW transparent
electrodes in smart windows leads to a higher transparency in the NIR. This was shown to lead to a higher
solar heat gain coefficient and lower U-factor which is an advantage in the winter. Although the AgNW
electrodes have a slightly higher solar heat gain and U-factor in the summer as well, the SHGC and U-
factor difference between AgNW and ITO electrodes is lower in the summer compared to the winter.
Fabrication issues in part lead to the AgNW based devices having some worse electrochromic properties
than windows with ITO. However, due to their lower sheet resistance at the same visible transparency as
ITO, windows that used AgNW electrodes had faster switching on times. Measurements with WO; films
also indicate that AgNW electrodes can lower the turn-on voltage of smart windows. The repeatability of
the windows with AgNW electrodes was poor, due to the high voltages required for operation. Better
quality, more crystalline WO; and NiO films would help lower the operating voltage and mitigate AGNW
degradation. Using a thicker NiO layer or avoiding large roughness peaks in the NW electrode through

better dispersion or more uniform deposition is also needed.

Future work would also include improving the sealing of the electrolyte in the window.
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Chapter 7

Conclusion and Future Work

7.1 Summary

This research focuses on the passivation, NIR properties and integration of silver nanowires into flexible
displays and smart window devices, both in the electrode and the electrochromic layer itself. Silver
nanowire electrodes were fabricated and shown to have superior optical and electrical properties at a lower
cost with higher mechanical flexibility than current state of the art ITO on glass, PET, and paper substrates.
Chapter 2 focused on testing several transparent polymeric layers to prevent nanowire electrode corrosion
with polyurethane becoming the clear winner as it showed the lowest drop in conductivity of the AgNWs
over a period of 180 days while allowing for minimal loss in transmittance. The passivation and hot rolling
on flexible substrates reduce surface roughness and improves the elasticity of the electrodes as they are bent
and strained over several cycles. This is critical for making long lasting flexible devices. Even though the
nanowire electrode is not a continuous film like ITO, and the polyurethane passivation layer is not
conductive, simulation and EFM measurements showed that the magnitude of the electric field drops by
only 0.5 of the peak value 150 nm above the surface of the AgNW. Electrochromic displays made with the

polyurethane-passivated NW electrodes had a uniform switch to the eye across its area.

Chapter 3 compared ITO vs PU-passivated AgNW electrodes when integrated into flexible electrochromic
displays. PEDOT:PSS based electrochromic displays with PU-AgNW electrodes had a longer lifetime,
lower operating voltage, higher mechanical flexibility, and improved reflectance and colour changing
properties than those with ITO. These benefits, along with the low cost of AgNWs, make AgNWs a great
candidate to replace ITO in devices that require transparent electrodes. Additionally, it was shown that the
capabilities of making these displays not only flexible, but recyclable as well by printing them on

biodegradable paper.

One issue with PEDOT:PSS is its low conductivity which reduces switching speeds and increases the
operating voltage of PEDOT:PSS based devices. In chapter 4, AgNWs were mixed with PEDOT:PSS in

solution, and showed that the conductivity can be increased. The optimal nanowire diameter, length and
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concentration to mix with PEDOT:PSS were found to be 30 nm, 80 um, and 3.0 mg/ml. By mixing the
silver nanowires in solution with PEDOT:PSS and forming films, a transparent electrode such as ITO is no
longer required to switch the electrochromic PEDOT:PSS. The hybrid PEDOT:PSS/silver nanowire films
have a lower turn on voltage, similar coloration efficiency and half the switch on time compared to
PEDOT:PSS film alone while keeping the electrochromic performance of the PEDOT:PSS. Passivating
the silver nanowires in solution before mixing in PEDOT:PSS was attempted using two different polymer
materials, MuA and MBI. However, these were not effective as the silver nanowires clumped, and

shortened the lifetime of hybrid PEDOT:PSS/silver nanowire displays.

Chapter 5 showed that the near infrared properties of silver nanowire electrodes are far superior to those of
ITO. The near infrared transmittance for ITO and silver nanowires was measured experimentally and then
compared to a transmission line model for silver nanowire networks to determine the main mechanisms
that control the near infrared optical properties of the silver nanowires. They were determined to be: (1)
the nanowire spacing, where smaller nanowire spacings cause a faster fall off of transmittance in the NIR
and (2) smaller diameter nanowires have higher loss in the NIR and causing a faster fall off of the
transmittance compared to larger diameters. Later on in Chapter 5, longer nanowires are shown to have a
higher transmittance in the near infrared and the haze of all nanowire diameters is below the acceptable

value of 10% in the visible region.

In Chapter 6, PU-passivated nanowire networks were implemented as the transparent electrode in tungsten
oxide/nickel oxide based smart windows and compared to the same windows with ITO electrodes.
Modelling and experiments confirmed that the nanowire based windows are more transparent to the NIR,
and as such the calculated solar heat gain coefficient was higher and the U-factore was lower in the winter
than for a window using ITO. In the summer, the SHGC and U-factor of the PU-AgNWs windows were
slightly higher compared to those with ITO, which is a disadvantage. The higher conductivity of the NW
electrodes also lead to a shorter switch-on time and a lower turn-on voltage. Better fabrication processes

are needed to improve other performance factors and the lifetime of the nanowire based windows.
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7.2 Future Work

7.2.1 Alternative Passivation Methods for AgNWs in Solution

Mixing AgNWs into PEDOT:PSS electrochromic layers is a promising strategy to improve device
switching times and operating voltages, but AgNW corrosion remains a problem. Coating the NW surfaces
with a small molecule polymer before they are mixed with PEDOT:PSS could still be a reasonable
approach, but molecules with a large positive or negative zeta potential should be explored. This will
promote repulsion forces between molecules so that the AgNWs will not clump. Since zeta potential is
highly dependent on pH, it is also important for the small molecule polymer to have the high zeta potential
>40 mV at a pH of 4.0 or lower if mixed with PEDOT:PSS. Small molecules such as polyethylene glycol-
polyethylene imine (PEG-PEI) and partially protonated polydimethylaminoethylmethacrylate
(PDMAEMA) have large positive or negative potentials greater than +/-40 mV [138], [139]. An alternative
approach would be to coat silver nanowires with graphene [140] or gold [141] in solution using the
conformal deposition method with an acid and ligand molecule to coat each nanowire. Or possibly
electroplate a more non-reactive metal than silver onto the nanowires such as nickel [142], [143] before the

NWs are mixed with PEDOT.

7.2.2 Solid State Electrolytes for Flexible Smart Windows

One major issue with the fabrication of the smart windows in Chapter 6 is the use of lithium perchlorate in
propylene carbonate liquid electrolyte. Over time, the liquid electrolyte leaked out of the gasket meant to
contain it in the window. Several different methods were attempted to completely seal the device, but there
was always an air bubble that appeared, indicating leaking. Additionally, when the fabrication of smart
windows using PET substrates was attempted, the gasket and sealant performed even worse at sealing the
device because of the flexibility of the PET. Other researchers in the literature have also noted leaking

issues with liquid electrolytes [141].
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In order to overcome these issues, it would be in the best interest to use a solid state electrolyte. PMMA,
tantalum oxide (Ta»Os), gelatine, and nafion have been reported as the most viable candidates to make an
all solid state electrochromic device [144]. Tantalum oxide as the electrolyte layer via sol gel deposition
methods (spin coating) was attempted with little success. More complicated methods such as atomic layer
deposition arc are needed in order to create a high quality film [145]. It has been reported that tantalum
oxide in combination with a lithium based salt or pure lithium layer is necessary to conduct lithium ions in
order to obtain a colour change in the device [144]. To use PMMA, it can be mixed into the lithium

perchlorate and propylene carbonate in order to plasticize the electrolyte layer.

Because one advantage of silver nanowire electrodes is their mechanical flexibility, the fabrication and
testing of flexible and even stretchable all-solid-state smart windows containing nanowire electrodes is

suggested, as has been recently done [141].

7.2.3 Large Area Roll-to-Roll Smart Windows Integrated with Transparent Solar Cells

A necessary next step to realizing smart window devices with nanowire electrodes is to scale up the area.
Producing ITO on a large scale is more difficult since it requires high temperatures, vacuum, and is costly.
Because silver nanowire electrodes can be deposited using solution deposition methods in atmosphere and
is compatible with roll-to-roll deposition methods if flexible substrates are used, they would make the
scaling up process much less costly. In this work, WOs, PU, and NiO were deposited using spin coating.
This is a difficult process to scale up. Using rod coating instead could scale up the fabrication of smart

window fabrication to larger areas, and is also roll-to-roll compatible.

Powering the smart window using a solar cell could further help in saving energy in buildings. This has
been done before where a dye sensitized solar cell was able to produce 1.35 V of energy that was enough
to power a tungsten oxide based smart window when connected in series [146]. Instead of using ITO as
done in that work [146], silver nanowire electrodes could be used to allow more NIR radiation through.
The NIR radiation could be absorbed by the solar cell to produce more power and/or allowed to enter the

building in winter to assist in heating though solar heat gain.
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7.2.4 Silver Nanowire Electrodes in Thermochromic Devices

Thermochromic materials undergo a change in optical properties upon heating. For example, vanadium
oxide transitions between semiconducting and metallic like states when it changes temperature from 25°C
to 68°C, causing a transmittance modulation in the NIR and IR where 40% of solar heat occurs [147]. This
could be controlled with a silver nanowire network. With the application of a voltage, silver nanowire
networks heat up through Joule heating [148]. Nanowire diameter, density and voltage levels need to be
chosen accordingly to achieve the required temperature. The high NIR transparency of AgNW networks
that was demonstrated in this research is desirable for thermochromic applications such as window glazings

and optical switches.

It has previously been shown that the Joule heating of silver nanowire networks can be non-uniform and
accelerates silver corrosion [18]. Coating the nanowire network with a layer of reduced graphene oxide
has been shown to result in a uniform temperature distribution and additionally can assist in passivating the

nanowire network [148].

7.2.5 Fully Recyclable Displays

In Chapter 3, recyclable, sustainable electrochromic displays were created. The paper substrate was
disposable and biodegradable, and the silver nanowires can be recycled and reclaimed using either laser
ablation or sonication [89], [90]. Devices were fabricated and characterized where one side was paper, but
because the paper was not optically transparent, PET was used for the other side. Fully recyclable,
transparent paper is available from multiple manufacturers such as Bee Paper, EcoEnclose, and Jam Paper.
Transparent paper can be quite thin and brittle, however. Multiple layers or a biodegradable polymer would
have to be used in order to strengthen the paper while maintaining its transparency. Additionally, a higher
concentration of silver nanowires than either plastic or paper would be required to achieve a sheet resistance
< 50 Q/sq because of the larger surface roughness of the transparent paper. The transparent paper also has
a low thermal budget. This is fine for the nanowire electrodes as they can be deposited at room temperature,

and the junctions can properly be welded using hot rolling at 80°C or less as shown in this thesis. However,
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the PEDOT:PSS would have to be annealed at a lower temperature than ideal. Achieving an electrochromic
device on paper substrates would make flexible displays less harmful on the environment and have the

ability to be recycled when they reach the end of their lifetime.
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