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Abstract

The continued use of indium tin oxide (ITO) as a transparent electrode for next
generation optoelectronic devices will face severe challenges, including the scarcity
of raw materials, high cost of processing, and lack of mechanical flexibility. Emerg-
ing transparent electrodes composed of solution-synthesized silver nanowire (AgNW)
networks are highly appealing alternatives, but their poor stability prevents market
adoption. Thus, there is a need to develop scalable and commercially viable processes
for fabricating stable AgNW-based transparent electrodes.

This thesis seeks to overcome the failure modes of AgNWs by developing fully
solution-based fabrication processes for nanocomposite transparent electrodes incor-
porating AgNWs and Graphene Oxide (GO) or Reduced Graphene Oxide (RGO). In
particular, electrophoretic deposition and layer-by-layer deposition were actively ex-
plored as processing techniques to achieve AgNW networks protected by thin films of
GO or RGO. A first process is developed to fabricate a transferrable AgNW network
protected by GO on both sides, leading to exceptional chemical stability. A use case
is demonstrated where the transparent electrode is integrated as a back-contact for a
semitransparent organic solar cell, leading to a longer device lifetime. A second pro-
cess is developed towards forming a conformal coating on AgNWs based on nanosized
RGO, leading to enhanced all-around stability. A flexible transparent film heater was
thus made, demonstrating its exceptional stability under harsh conditions.

It is expected that the processing knowledge and structure-property relationships
uncovered in this work can be extended to the integration of other emerging low
dimensional materials compatible with solution-based processing, and help bridge the
gap between proof-of-concept demonstrations and industrial production of functional
nanocomposite materials.

Thesis Supervisor: Jeffrey C. Grossman
Title: Professor of Materials Science and Engineering
Head of the Department of Materials Science and Engineering
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Chapter 1

Introduction

1.1 Overview of Transparent Electrodes (TE)

Modern consumer products such as smartphones, tablets, laptops, smart TVs as well

as various flexible thin film solar modules, to name a few, all utilize a layer that is

transparent to visible light yet electrically conductive. The need of such device layer

stems from the dual requirements that: (1) it should act as an efficient carrier collector

with minimal electrical resistance that closes the device circuit and (2) light within the

visible range should be either emitted from (power-to-light conversion) or enter into

(light-to-power conversion) the underlying device layers (Figure 1-1). These layers are

called Transparent Electrodes (TE), or Transparent Conductive Films (TCF) and are

critical components of various electronic and optoelectronic devices such as solar cells,

light emitting devices, touch screens, and transparent heaters.

In order to quantify and compare the performances of different TE, Figures of

Merit (𝐹𝑜𝑀) relevant to TE materials have been introduced. The dual requirement

of having high optical transmittance and conductivity for TE led to an early definition

of the 𝐹𝑜𝑀 given in 1972 by Fraser and Cook [1] to be simply the ratio of the

transmittance to the sheet resistance 𝑇/𝑅𝑠ℎ. Here, 𝑇 is the transmittance at the

wavelength of 550 nm and 𝑅𝑠ℎ is the sheet resistance in Ω/𝑠𝑞, respectively. However,

this simple definition of the 𝐹𝑜𝑀 under-emphasizes transmittance. For example,

based on this definition, the highest 𝐹𝑜𝑀 for a given film conductivity results in

19



Figure 1-1: Schematic showing generic functions of a transparent electrode in opto-
electronic devices in the case of (left) light-to-power conversion and (right) power-to-
light conversion. The thickness of each layer are not to scale

only a 37% transmittance, which is undesirable for most practical applications. To

address this issue, a modified 𝐹𝑜𝑀 with exponent of ten for the transmittance term

was introduced in 1976 by Haacke [2]. The following classical definition of the 𝐹𝑜𝑀

by Haacke remains the most commonly used today by TE researchers.

𝐹𝑜𝑀 =
𝑇 10

𝑅𝑠ℎ

(1.1)

Later, a more fundamental definition of 𝐹𝑜𝑀 was introduced and used by re-

searchers by rearranging the following relation derived from optical considerations. [3]

𝑇 =
(︂
1 +

188.5

𝑅𝑠ℎ

𝜎𝑂𝑃

𝜎𝐷𝐶

)︂−2

(1.2)

Here, 𝜎𝑂𝑃 and 𝜎𝐷𝐶 are optical and DC conductivity, respectively. 𝐹𝑜𝑀 can then

be defined as the DC-to-Optical conductivity ratio 𝜎𝐷𝐶/𝜎𝑂𝑃 since high values of the

conductivity ratio will lead to thin films with high 𝑇 and low 𝑅𝑠ℎ. It should be

noted that defining 𝐹𝑜𝑀 this way is best suited for bulk-like thin films where the DC

conductivity is invariant with material thickness. However, deviation from bulk-like

behavior has been observed for very thin (or highly transparent) TE materials based

on percolating nanostructures such as metal nanowires (MNW), Carbon Nanotubes

(CNT) and Graphene. [4] Developing definitions of the 𝐹𝑜𝑀 that are materials or

application-specific is still an area of ongoing research. [5]
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1.1.1 Properties of Indium Tin Oxide (ITO)

Currently, the most widely used and commercially successful material for TE is a

thin film of sputtered Indium Tin Oxide (Sn-doped In2O3 , ITO), due to its superior

optical transmittance (90% at 550 nm) and low sheet resistance (<20 Ω/sq). [6] ITO

is one of the materials among the class of Transparent Conductive Oxides (TCO). As

wide band gap metal oxides with band gaps > 3 eV, TCOs are transparent to visible

light. At the same time, they exhibit high electrical conductivity since they are

degenerately doped by a secondary metal, which leads to high carrier concentration

corresponding to a Fermi level well inside the conduction band (for 𝑛-type TCO such

as ITO). [7] (Figure 1-2a)

Figure 1-2: (a) Band structure illustration for undoped and 𝑛-type doped TCO (b)
UV-vis transmission spectra of ITO with different conductivities. Reproduced from
Ref [7] with permission.

The electronic behavior within ITO can be modeled as that of a dilute metal

which leads to their optical properties near short and long wavelengths. For films

with nearly free electrons, all light with frequency (wavelength) below (longer) than

the plasma frequency (wavelength) is reflected. The plasma frequency 𝜔𝑝 is given by

𝜔𝑝 =

(︃
𝑛𝑞2

𝜖0𝑚𝑒

)︃1/2

(1.3)

Here, 𝑛 is the carrier density, 𝑞 is the elementary charge, 𝜖0 is the vacuum permit-

tivity, and 𝑚𝑒 is the effective mass of electrons. For example in metals, the plasma
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energy ℎ̄𝜔𝑝 is around 5 eV, so they reflect all light below this energy which results

in their typical visibly reflective surface. In ITO, with electron concentrations 1-2

orders of magnitude lower than typical metals, ℎ̄𝜔𝑝 is around 1 eV in the case of high

doping, but the actual reflection edge depends on the doping level. Hence, ITO does

not transmit light in the infrared (IR) regime. This effect is clearly illustrated in

Figure 1-2b, where increasing doping level (and hence conductivity) in ITO caused

reduction in the plasma wavelength 𝜆𝑝 and caused more reflection in the near IR

region. Near short wavelengths, degenerate doping causes blueshift in the absorption

edge. (Figure 1-2b) This is due to the effective increase in the optical gap (defined

as the lowest electronic transition accessible by absorption of a single photon) due

to the high density of electrons in the conduction band. (Figure 1-2a) This effect is

known as the Burstein-Moss shift, and is more apparent for degenerately doped ITO

with a high conductivity. In intermediate visible wavelengths, neither absorption nor

reflection occurs, making ITO visibly transparent.

1.1.2 Limitations of Indium Tin Oxide (ITO)

As discussed previously, ITO currently represents the industry standard material for

TE applications. However, there are several limitations which inspired researchers to

search for alternatives. First, ITO is intrinsically brittle due to its ceramic nature,

and undergoes irreversible crack formation upon repeated bending cycles. [8] This is

apparent in Figure 1-3 which shows that the ITO thin film resistance increases rapidly

upon few tens of bending cycles while that of silver nanowire (AgNW) networks

remains largely unchanged. [9,10] The mechanical brittleness of ITO and other TCOs

in general calls for more flexible TE materials in order to be used in emerging flexible

devices.

The second limitation associated with the continued use of ITO is the cost. This

includes both the cost of thin film fabrication as well as the cost of the raw material,

indium. The fabrication of ITO relies on a range of sputtering techniques that require

high vacuum levels, and adds significant overhead to device fabrication processes that

can otherwise be carried out by all solution-based processes. These include processes
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Figure 1-3: (a) Comparison of ITO and AgNW under tensile loading cycles where
samples are bent up to a radius of curvature of 9 mm, and returned to the initial
position, reproduced from Ref [9] with permission. (b) Optical micrographs of 105
nm sample of ITO coated PET at a-2%, b-2.5%, and c-3% strain, and a schematic
diagram showing bridging material at the PET substrate which results in an increasing
but finite resistance with increasing strain, reproduced from Ref [8] with permission.

to fabricate fully printable organic and perovskite based solar cells, for instance.

[11–13] In addition, raw indium is not only subject to severe price fluctuations but

also faces a sustainability crisis. Indium has been designated as one of the ‘endangered

elements’ by the American Chemical Society. [14] This is largely because indium is

only produced in a handful of countries, and is a small byproduct of Zinc, itself a

critical element. This fact coupled with continuously rising demand for LCD, touch

screens, and solar cell devices make continued ITO use unsustainable in the long run.

Yet another limitation of ITO as a TE material, although one that receives less

attention than the others, is its reflectivity towards near-IR light. As mentioned in

the previous section, increasing the doping level to enhance the conductivity of ITO

leads to a decreasing plasmon wavelength, which leads to reflection of light in the

near IR and IR regions. In applications that requires harnessing near-IR light such

as transaprent PV [15], the use of ITO could therefore severely limit device efficiency.
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1.1.3 Emerging materials to substitute ITO

As mentioned, the use of ITO will be faced by numerous challenges in the coming years

due to the shortage of raw materials such as indium, incompatibility with large-scale

manufacturing methods, and its inability to be used in a multitude of flexible devices.

Over the past decade, there have been continual efforts to develop alternatives to ITO

by utilizing metallic nanowire (MNW) networks or carbon nanomaterials including

carbon nanotubes (CNT), graphene, and reduced graphene oxide (RGO). Various

studies have identified each materials’ innate advantages and disadvantages.

Carbon nanomaterials including CNT and graphene have recently received at-

tention as TE materials due to their good electrical mobility and conductivity, high

transparency, chemical inertness and mechanical robustness. Although CNT films

are inexpensive and can be fabricated over large areas, their performance lags behind

that of ITO due to the challenging purification process and high junction resistances

between nanotubes. For instance, to achieve a sheet resistance as low as 10 Ω/sq,

the thickness of the CNT film must be higher than 100 nm, which severely limits

its transparency. [16] Also, the sheet resistance of CVD-graphene is thickness depen-

dent and generally high (from 300 Ω/sq to >1000 Ω/sq) due to grain boundaries.

Additionally, the difficulty in processing large-area high quality graphene remains a

challenging issue. [17]

Metal nanowires (MNW) such as silver nanowires (AgNW) and copper nanowires

(CuNW) are promising for next-generation transparent electrodes because of their

ease of synthesis, and compatibility with scalable coating methods. Even the earliest

reports on MNW TE have shown that their performances rival that of ITO, with

sheet resistances as low as 16 Ω/sq at a transparency of 86%. [18] The random

network of MNWs conduct by the wires acting as an electrical percolation network,

while the empty spaces between wires allow light to transmit through ensuring good

transparency across a wide frequency range. Some of the major challenges of MNWs

include their lack of long-term stability, surface roughness and optical haze that could

be detrimental to some device applications.
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1.2 Silver nanowire (AgNW) networks: Promise and

Challenges

Despite significant efforts to develop alternatives to ITO, it is difficult for a single

class of materials to simultaneously meet the requirements for an ideal TE, including

high transparency (>90%), low resistance (<10 Ω/sq), flexibility, stretchability, pro-

longed stability, and ability to be fabricated by non-vacuum, low temperature process.

Therefore, it is of technological interest to design and fabricate hybrid transparent

electrodes incorporating two or more types of materials to highlight advantages of

each while complementing each materials’ shortcomings. In this regard, AgNWs are

especially attractive as a main conductive component of hybrid transparent electrodes

because they already possess a clear advantage over other types of materials in terms

of conductivity, transparency, and flexibility. The most significant factor preventing

widespread application of AgNW as TE is its lack of stability. Therefore, combining

AgNW with other nanomaterials in different ways to overcome the stability issue is an

intriguing avenue of research. In this section, the main features of transparent AgNW

networks are discussed, such as their synthesis, electrical/optical properties. Their

failure modes leading to their poor stability will be discussed in depth in Chapter 2.

1.2.1 Synthesis of AgNW networks

The solution synthesis protocol and mechanism of various MNWs, including silver,

copper, and gold nanowires are well-reported in the literature. Silver nanowires

(AgNW) are the most heavily studied and widely applied. The advantage of AgNW

over other types of MNW originates from the exceptional attributes of bulk silver

which has the highest conductivity at room temperature, as well as the ease and

reproducibility of AgNW synthesis.

The synthesis route of AgNW first developed by Younan Xia’s group [20,21], em-

ploying AgNO3 ion reduction by ethylene glycol (EG), is the most widely used method

among others. Known as ‘polyol synthesis’, this method presents a simple route of
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Figure 1-4: (a, b) Schematic illustration of the growth of AgNWs with pentagonal
cross sections [19] (c) Synthesized AgNW dispersion in isopropanol (d) Multimeter
reading showing the resistance of AgNW network coated on glass (e) low-mag and (f)
high-mag SEM image of AgNW networks.

synthesis where EG (polyol) reduces the Ag precursor (AgNO3) in the presence of a

capping agent (polyvinylpyrrolidone, PVP). It has been proposed through subsequent

studies that AgNW synthesis is composed of three different steps, nucleation, evo-

lution of nuclei into seeds, and anisotropic growth into nanowires. Initially, AgNO3

solution in EG is slowly added dropwise to another EG solution containing PVP, while

the entire solution is being heated. The controlled reaction leads to the formation of

thermodynamically stable multiply twinned Ag seeds (Figure1-4a), which serves an

important role in subsequent growth of the wires. Thus, the process is a self-seeding

process. [21] The multiply twinned Ag nanoparticles are the result of surface energy

minimization, [22] and are terminated by {111} facets. At the same time, {111} facets

are adjoined together by twin boundaries, which become active sites for attracting Ag

ions to diffuse from the solution to the nanoparticles. Due to Ag atom attachment to

{111} facets, side surfaces of {100} facets form, which is subsequently passivated by
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PVP molecules’ preferential attachment to the {100} facets rather than to the {111}

facet. [23] This process results in initial nanorod formation by uniaxial elongation of

the initial multiply twinned nanoparticles.

After the formation of pentagonal Ag nanorods, it can readily grow into a long

nanowire by the dual role of PVP molecules to enable anisotropic growth by tight

passivation of the {100} side surface and capping of the wires to prevent their aggre-

gation. This mechanism is illustrated in Figure 1-4b. High aspect ratio AgNW have

been synthesized on the basis of polyol synthesis, achieving wire lengths of over 300

𝜇m with diameters less than 150 nm. [24]

After the synthesis of AgNWs, the resulting solids can be purified by repeated

centrifugation steps and be diluted in isopropyl alcohol (IPA) or methanol. (Figure

1-4c) This AgNW solution is the basis for further fabrication into AgNW networks.

AgNW networks where the AgNWs randomly dispersed on the substrate are easily

obtainable through solution-phase deposition techniques including drop casting [25,

26], spin coating [27], blade coating [28], rod coating [29], and spray coating [30, 31].

(Figure 1-4d) These methods can be carried out under low temperature and non-

vacuum conditions. However, drop casting results in a characteristic ‘coffee stain’

which leads to inhomogeneity in the final film. Spin coating is limited in scale, tends to

result in edge effects and forms radially non-uniform films due to the centrifugal force.

Spray coating is by far more scalable and produces homogeneous and reproducible

AgNW networks, assuming that the nanowire solution concentration is well-optimized

and possible ultrasonic nozzle clogging issues can be avoided. [32]

1.2.2 Electrical and optical properties of AgNW networks

The electrical and optical properties of AgNW network-based TE are closely related

to the properties of individual nanowires. In general, as the diameter 𝐷𝑁𝑊 of the

MNW is reduced to length scales comparable with the mean free path Λ (34 nm for

bulk Ag [33]) of electrons in the bulk material, the resistivity is expected to increase

due to surface scattering as shown by Bid et al. [33] This behavior was experimentally

demonstrated and described by the following equation:
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𝜌𝐴𝑔
𝑁𝑊 = 𝜌𝐴𝑔

𝑏𝑢𝑙𝑘

(︂
1 +

Λ

2𝐷𝑁𝑊

)︂
(1.4)

where 𝜌𝐴𝑔
𝑁𝑊 is the resistivity of AgNW, and 𝜌𝐴𝑔

𝑏𝑢𝑙𝑘 is the resistivity of bulk Ag. In

practice, the diameter of the AgNWs used for TE ranges between 50 nm to 100

nm, and the resistivity of such AgNWs is around 𝜌 = 2.78∼2.92 𝜇Ω-cm at room

temperature. [33] Compared to the resistivity of bulk Ag at room temperature (𝜌 =

1.6 𝜇Ω-cm), the increase in resistivity due to narrowing of the wires is small enough

such that they can still be used as highly conductive TE.

It should be noted that the overall electrical conductivity of the MNW network

is dictated by the 1-dimensional percolating nature of nanowires that form a kind of

‘electronic highway’, as can be seen in Figure 1-4e and f. Thus, the areal density of

AgNWs, defined as areal mass density (amd) or areal number density, is a critical

factor that governs the sheet resistance of the entire film as networks with more wires

per given area have more percolating pathways. Empirically, the sheet resistance 𝑅𝑠ℎ

can be expressed as the following:

𝑅𝑠ℎ ∝ (𝑛− 𝑛𝑐)
−𝑡 (1.5)

where 𝑛𝑐 is the critical areal density of AgNWs, below which conduction does not

occur, and 𝑡 is the percolation exponent. Figure 1-5a illustrates this relationship be-

tween AgNW amd and network resistance. In addition to the density of AgNWs, when

considering the macroscopic electrical properties of AgNW networks, the resistance

between nanowires (junction resistance) plays a critical role since it can be orders of

magnitude larger than the intrinsic resistance of a single AgNW. As deposited AgNW

networks often have high and non-optimized resistance because of poor electrical con-

tact between nanowires, caused by a less intimate physical distance between wires or

due to the presence of PVP capping layers which inhibit efficient charge transport

across wires. Various strategies to overcome this have been implemented, including

thermal annealing [34], chemical treatment [35], and light-induced nanowelding [36],

among many others. The general principle of such post-treatment is based on caus-
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ing sintering to occur between nanowires to create an intimate inter-wire electrical

contact. A well-optimized post-treatment results in excellent sheet resistance on the

order of ∼10 Ω/sq with transmittance over 90% (Figure 1-5b).

Figure 1-5: (a) Minimum resistances of AgNW (diameter 117 nm) networks obtained
by thermal annealing plotted against areal mass density, where the critical density 𝑛𝑐

of AgNWs lie between the first percolating (blue) sample and the last non-percolating
(red) sample (b) Transmittance values at 550 nm versus sheet resistance for the
same annealed AgNW networks where each point corresponds to different network
densities [27] (c) Transmittance spectra for AgNW, FTO, and bare glass substrate (b)
Transmittance versus sheet resistance for various TE, along with iso-𝐹𝑜𝑀 lines [37]

The optical properties of AgNW networks are apparent from their transmission

spectra, which shows distinctive differences from that of TCOs. Since the trans-

parency of AgNW networks originate from their large areal fraction of empty spaces,

they have an enlarged wavelength range for which the transmittance is high. For in-

stance, Figure 1-5c shows the transmittance spectra of a typical AgNW network and

that of FTO. In the near infrared (NIR) range, the transmittance of FTO starts to
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fall off, due to reasons explained in Section 1.1.1. In contrast, AgNW networks retain

their high transmittance even in the NIR range. This is a competitive advantage of

MNW based TE over TCO based TEs for certain applications such as transparent

PVs. [15]

There is a trade-off relationship between sheet resistance of a AgNW network and

its optical transmission with increasing or decreasing network density. (Figure 1-5b)

As the density of a network increases, the sheet resistance decreases, converging to

the bulk thin film limit, while the optical transmission decreases because of increased

shading from the AgNWs. This inverse relationship between effective film thickness

and film transparency generally holds across all materials used for TE applications.

Therefore, the more a TE can overcome this trade-off, the higher the 𝐹𝑜𝑀 value will

be, corresponding to a movement to the upper-left corner in the map shown in Figure

1-5d. It is clearly seen here that the best AgNW networks (points corresponding to

Ag117 and Ag138) demonstrate a 𝐹𝑜𝑀 on par or better than ITO or other emerging

materials.

1.3 Thesis Overview

This thesis focuses on developing new scalable solution-based processes to overcome

the critical failure modes of AgNW-based TE, with an emphasis on utilizing Graphene

Oxide (GO) and Reduced Graphene Oxide (RGO). The thesis is arranged as follows:

In Chapter 2, I summarize the critical failure modes of MNWs, previously reported

strategies to stabilize MNWs, and motivate the use of GO and RGO as a protective

coating material for AgNW networks. Perspective is given on how to frame the

requirements of MNW-encapsulant hybrids with reference to their target applications,

namely: solar cells, transparent film heaters, sensors, and displays.

In Chapter 3, I demonstrate a scalable and economically viable process using

electrophoretic deposition (EPD) to fabricate long-term stable hybrid transparent

conductive films with a sandwich-like structure, where a conductive AgNW mesh

is covered by GO films on both sides. One side is protected by a EPD-assembled
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GO while the other side is covered by a ultrathin GO layer coated by solution dip

treatment. The film was applied to the top electrode of a semitransparent organic

solar cell with longer storage life relative to unprotected devices.

In Chapter 4, I developed an innovative process to conformally encapsulate silver

nanowire (AgNW)-based transparent conductive films with nanosized GO followed by

chemical reduction. This resulted in a significant improvement of all-round stability,

including thermal, electrothermal, chemical, and mechanical stability. This was ac-

complished all while avoiding the expensive vacuum-based coating process typically

required to achieve a similar level of stability, which opens up possibilities for scal-

able and continuous Roll-to-Roll manufacturing. Thus fabricated TE was successfully

demonstrated as a transparent film heater.

In Chapter 5, I summarize of the important scientific results and contributions

from the work and include future perspectives.
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Chapter 2

Failure Modes of Metal Nanowire

Networks (MNW) and Mitigation

Strategies

This chapter is reproduced in part with permission from ref. [38]

J. J. Patil*, W. H. Chae*, A. Trebach, K. Carter, E. Lee, T. Sannicolo, and J.

C. Grossman. Failing Forward: Stability of Transparent Electrodes Based on Metal

Nanowire Networks. Advanced Materials, 33(5), 2004356 (2021) *Equal Contribution

As discussed in Chapter 1, AgNW-based TE offers favorable characteristics over

ITO. However, the most significant factor that prevents widespread use of AgNW-

based TE is its instability. It should be noted that these instabilities are not unique

to AgNWs, but to any MNW, albeit with varying degrees depending on composition.

Hence, in this chapter, we discuss the most critical failure modes experienced by

MNWs and current approaches to stabilize them.

2.1 Failure modes of AgNW networks

Despite the favorable performance of AgNW-based TE, the poor stability of MNW

networks including AgNWs is a significant barrier that prevents their widespread
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adoption. The instability of MNWs in general can be attributed to multiple degra-

dation mechanisms that occur during normal operation or storage. Such mechanisms

can be chemically, thermally, electro-thermally or mechanically activated, which dom-

inate to varying degrees depending on the application. For instance, thermally ac-

tivated degradation can often be neglected when integrating MNW networks into

photovoltaics and displays, while it must be considered in TFHs (transparent film

heaters), as will be discussed below. On the other hand, chemical aging is likely to

happen regardless of the target application.

2.1.1 Chemically induced failure

The chemical stability of an AgNW network is represented by its capacity to main-

tain its initial conductivity over an extended period in various environments, without

undergoing chemical changes that reduce conductivity. Even in atmospheric condi-

tions, AgNWs are expected to lose conductivity in the long term as a result of some

chemical instability. This is due to the huge impact of atmospheric corrosion on the

AgNW owing to its high surface-to-volume ratio.

Unlike many metals, dry Ag does not form a significant surface oxide. Ag2O

is stable only in a region of high pH and in the presence of strong oxidizers. [39,

40] Instead, it is agreed among experimental and theoretical studies that the most

abundant product of atmospheric corrosion of Ag is Ag2S, also known as acanthite, a

semiconductor with a monoclinic crystal structure. [41–43] Many studies suggest that

sulfidation occurs by reaction of Ag with hydrogen sulfide (H2S) in the atmosphere.

[43] Despite the low concentrations of these gases in air, on the order of parts per

billion, the presence of water, O2 and NO2 can accelerate the reaction process. The

following reactions have been proposed by multiple studies [40–42]

2𝐴𝑔 +𝐻2𝑆 → 𝐴𝑔2𝑆 +𝐻2 (2.1)

2𝐴𝑔 +𝐻2𝑆 +
1

2
𝑂2 → 𝐴𝑔2𝑆 +𝐻2𝑂 (2.2)

2𝐴𝑔 +𝐻2𝑆 + 2𝑁𝑂2 → 𝐴𝑔2𝑆 + 2𝐻𝑁𝑂2 (2.3)
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when H2S is not abundant, atmospheric carbonyl sulfide (OCS) gas can also be-

come the source of AgNW sulfidation by the following reaction. [41,43,44]

𝑂𝐶𝑆 +𝐻2𝑂 → 𝐻2𝑆 + 𝐶𝑂2 (2.4)

Rather than forming a conformal film, Ag2S has been observed to grow as dis-

continuous nodules or nanoparticle-like features on the surfaces of both bulk Ag and

AgNWs (Figure 2-1a-d). In the case of AgNWs, it was reported that the formation of

Ag2S nanoparticles cause the nanowires to become discontinuous after 6 months.[32]

Nevertheless, such degradation rates are sensitive to experimental conditions, such

as humidity and temperature, and the initial defect concentration of the synthesized

AgNW that serve as nucleation sites of sulfide particles. This makes it difficult to

compare between different degradation studies. Regardless of such discrepancies,

there is no question that the sulfidation of AgNW is a serious problem, particularly

for TFHs with relatively high operating temperatures. [42, 44,45]

Another route for the chemical degradation of AgNWs is dissolution by Ag oxida-

tion. Ag has poor oxidation stability in acidic conditions, as indicated by its Pourbaix

diagram. [39] This leads to implications for the long-term chemical stability for Ag-

NWs in applications involving AgNWs interfaced with materials and device layers

that are acidic in character. For instance, AgNW was observed to degrade when

in contact with acidic and hygroscopic poly(3,4-ethylenedioxythiophene) polystyrene

sulfonate (PEDOT:PSS), a widely used conductive polymer charge transport layer

in organic PV devices. [46–48] Chen et al. [47] showed that AgNW networks coated

with as-received PEDOT:PSS (“PH1000” from Heraeus) on and stored in ambient

conditions for 108 h, underwent a 30% increase in sheet resistance (𝑅𝑠ℎ) as opposed

to a 19% increase for bare AgNW networks.

2.1.2 Thermally and Electro-thermally induced failure

In general, thermal and electrical stresses, or the combined effects thereof (henceforth

termed electrothermal stresses) cause atomic surface diffusion, which leads to mor-
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Figure 2-1: (a) TEM image of a sulfidized AgNW. b–d) TEM–EDS (energy-dispersive
X-ray spectroscopy) mapping of the sulfidized AgNW presented in (a): (b) silver map,
(c) sulfur map, (d) carbon map. [41]

phological evolution of the MNWs. This phenomenon causes the MNWs to form voids

and disconnect—which results in current no longer passing through them. This can

cause current to be redirected to nearby MNWs, which contributes to network-scale

failure of multiple nanowires. We define the thermal stability as the MNW network’s

ability to withstand high temperatures applied from external sources, and distinguish

it from electrothermal stability, which is primarily due to Joule-heating from current

flow.

Under high temperature, nanowires undergo spheroidization through a process

known as Plateau-Rayleigh instability. This instability is caused by the minimization

of surface energy of a cylinder to a set of disconnected spheres, which is due to the

lower surface-to-volume ratio of spheres compared to a cylinder (length 𝐿, radius

𝑅0) with 𝐿 > 9
2
𝑅0. In the presence of thermal fluctuations, surface diffusion can
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create surface perturbations on the wire segments that can be modelled as a sine

function. (Figure 2-2a) It can be shown that for a cylinder with initial radius 𝑅0

and a sinusoidal perturbation 𝑅 = 𝑅𝑐𝑦𝑙(𝑡) + 𝜖(𝑡)𝑐𝑜𝑠(2𝜋𝑧/𝜆), where 𝑅𝑐𝑦𝑙(𝑡) is the

average cylinder radius, 𝜖(𝑡) is the time-dependent perturbation amplitude, 𝜆 is the

wavelength of the perturbation, and 𝑧 is the length along cylinder axis, perturbations

with a critical wavelength 𝜆𝑐𝑟𝑖𝑡 = 2𝜋𝑅0 will increase spontaneously in amplitude until

spheroidization (Figure Figure 2-2a). When this morphology evolution is governed

by atomic surface diffusion, as is the case for MNWs, perturbation with wavelength

of 𝜆𝑚𝑎𝑥 =
√
2𝜆𝑐𝑟𝑖𝑡 will grow the fastest, and the cylindrical wire will eventually break

into spheres with an average spacing 𝜆𝑚𝑎𝑥. [49,50] The kinetics that govern the rate at

which the above morphology evolution proceeds is best described by curvature-driven

surface diffusion. That is, the growth rate of the perturbation is expressed as the

following:

Figure 2-2: a) Schematic of the progression of spheroidization of a long cylinder.
Perturbations with a wavelength of approximately 𝜆𝑚𝑎𝑥 tend to evolve fastest and
cause the formation of spheres, indicating failure of the nanowire. [38] (b) Schematic
representation of the mechanisms involved in the crack propagation by electrothermal
failure [51] (c) SEM image showing the contrast between electrothermally-induced
crack region and intact region in a AgNW network
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𝜕𝜖

𝜕𝑡
=

𝛾Ω2𝐷𝑠𝑐𝑠
𝑘𝐵𝑇

(︃
𝜕2𝜅

𝜕𝑠2

)︃
(2.5)

where 𝜅 is the curvature as a function of position 𝑠 on the cylinder surface, 𝐷𝑠

is the diffusivity at the surface, and 𝛾 is the surface energy, Ω is the atomic volume,

𝑐𝑠 is the concentration of surface sites, and 𝑘𝐵 is the Boltzmann constant. [50] The

surface diffusion is rapid at high temperatures, so spheroidization of the MNWs occurs

around 300∼400℃ depending on heating conditions and initial NW diameter, well

below its bulk melting temperature (961℃). Once the MNW has spheroidized, the

resistance of the network drastically increases by several orders of magnitude. This

failure at high temperature is critical for conductivity optimization of the MNW

network by annealing, [27] and also for applications regarding transparent heaters

as the continuously operable lifetime and maximum achievable temperature will be

severely limited by the aforementioned instability. [52]

The electrothermal modes of failure are fundamentally governed by the same

surface-diffusion dominated morphology evolution found in pure thermal instabil-

ity. However, the difference is that the source of the thermal energy is the power

dissipated by the MNW network itself. Therefore, a unique failure behavior can be

observed on the network scale. For instance, one of the failure mechanisms observed

during electrical tests (such as a constant linear voltage ramp), is called “thermal

crack propagation,” which is attributed to the localization of current density at a

specific defect in the sample—typically a region with a lower mass density of MNWs.

This variation in the network induces a higher local current density and localized

“hot spot,” which causes localized failure. The “hot spot” is observed moving across

the sample, perpendicular to current flow, resulting in a divergence of the resistance

of the network, as illustrated by Figure 2-2b. [51] The region of localized failure as

shown in Figure 2-2c contains evidence of partial or full spheroidization, chemical

corrosion, or a combination of both.
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2.1.3 Mechanically induced failure

Mechanical failure in MNWs is particularly important to consider at a microscopic

level to understand the benefits and limitations of large-scale networks. MNW net-

works are indeed typically chosen for their excellent stability in flexible and stretchable

devices. [36, 37, 53] Their stability can be attributed to the fact that nanowires in a

network are uniformly dispersed and randomly aligned, and thus the mechanical forces

at play would be scaled by a factor of the cosine of the MNW angle relative to the

strain direction. The strain is defined as a change of length of a surface (∆𝐿) relative

to the initial length of the surface (𝐿0). For bending tests, the strain is defined as

the ∆𝐿 of a surface assuming surface compressive strain on the inside of the bending

radius, and surface tensile strain on the outside of the bending. For bending tests,

the role of the substrate is important in considering the application and durability

of the wires on the surface, as described in the following equation. The strain 𝜀 of a

surface of a device—thus the strain experienced by the nanowires—during flexing of

the device, can be written as a function of the substrate thickness 𝑡𝑠, film thickness

𝑡𝑓 , radius of curvature of substrate 𝑅𝑐 [54]

𝜀 =
∆𝐿

𝐿0

=
𝑡𝑠 + 𝑡𝑓
2𝑅𝑐

≃ 𝑡𝑠
2𝑅𝑐

(2.6)

In bending tests, thicker substrates induce higher strains on each surface, which

makes failure onset earlier, or at higher radii of curvature (with the assumption of

strong adhesion between the nanowire and substrate). Figure 2-3 (left) shows the

change in electrical resistance of AgNW networks and ITO films on poly(ethylene

terephthalate) (PET) substrates of various thicknesses, after bending tests, [54] show-

ing that thicker substrates and smaller radii of curvature cause earlier onset of failure.

Figure 2-3 (right) shows the trends relating substrate thickness to ultimate failure

strain, with data for ITO and AgNW networks with different diameters, showing

that thicker substrates cause AgNW networks to mechanically fail at lower strains.

The mechanics of individual nanowires, however, are quite nuanced.

Though films with MNWs show little variation in sheet resistance over many bend-
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Figure 2-3: Sheet resistance change of AgNW networks on PET as a function of radius
of curvature, for different thicknesses of PET and AgNW diameters, compared with
ITO electrodes on PET (left). Plot representing theoretical substrate thickness versus
strain/radius of curvature to failure, showing a higher hardness for lower average
AgNW diameters (right). [54]

ing cycles, individual nanowires are shown to undergo brittle failure. This behavior

can naively be explained by dislocation starvation—an effect where the lack of dislo-

cations in nanoscale, crystalline materials reduces the ductility of the material (which

is seen in single-crystal nanowires). However, since MNWs typically exhibit twin-

ning, dislocations have been shown to form and subsequently be influenced by twin

boundaries. For example, an increase in AgNW ductility is observed as a function of

decreasing AgNW length and diameter, as shown in Figure 2-3 (right). [55, 56]

Nanowires of sizes larger than 40 nm show evidence of dislocation starvation, and

thus brittle failure. However, at smaller diameters, surface nucleated dislocations

arise and their motion is slowed by the twin boundaries, [55] which enables strain

hardening (i.e., dislocation motion proportional to the deformation induced in the

wire), which enables plastic deformation. At larger diameters, due to a lower ra-

tio of twin boundary area to surface area, surface dislocations formed are less likely

to encounter the twin boundaries, which causes dislocation pile-up and thus, brittle

fracture. [57] This behavior is also observed at junctions, where the high curvature

of a nanowire encasing the junction causes cracking and failure. [58] A study by Wu

et al. showed that twinned MNWs had a lower ratio of plastic to elastic displace-

ment than annealed wires in a bending test (which were shown to form single-crystal
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nanowires in an inert atmosphere)—which suggests that even with a diameter of

23.2 nm, nanowires undergo failure that is closer to brittle than ductile. [59] When

these wires are encapsulated, the mechanical properties of the encapsulant start to

influence the failure of the nanowires, where thicker coatings result in higher net-

work resistances after 300,000 bending cycles. [60] However, the fracture mechanism

remains the same—owing to the brittleness of the oxide coatings.

2.2 Strategies to Delay MNW failure

The most straightforward strategy to address the instabilities in MNW networks is

to encapsulate the vulnerable MNW networks with a material that is: (i) resilient

against chemical degradation, (ii) impermeable to species that contribute to degrada-

tion, and (iii) conformally coated on MNWs to delay failure mechanisms that rely on

surface atomic diffusion. With this aim, a variety of materials and processes for MNW

encapsulation that are compatible with both AgNW and CuNW have been proposed.

Strategies to protect and elongate the useful lifetime of AgNWs can largely be clas-

sified according to the processes used to deposit barrier materials. These processes

can be largely be classified into (1) Vapor deposition-based and (2) Solution-based.

2.2.1 Vapor deposition based approaches

First, large-area graphene synthesized by chemical vapor deposition (CVD) has been

widely investigated as an encapsulating layer, inspired by the near impermeable na-

ture of a perfect graphene lattice. A combination of MNW devices with CVD-grown

polycrystalline graphene have been demonstrated, [61–63] fabricated by transferring

CVD grown graphene onto a silver nanowire mesh. Ye et al [61] transferred CVD-

graphene onto AgNW networks and showed that the sheet resistance was nearly

invariant over the course of 2 months in ambient air at room temperature, while

that of bare AgNWs increased by 80%. A similar encapsulation by CVD-graphene

on AgNWs was performed by Lee et al [62] where the sheet resistance change was

less than 15% after 8 days in 70 °C/70% RH. Ahn et al. [63] directly deposited
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graphene on CuNWs to form core–shell graphene/CuNW films by employing low-

temperature plasma-enhanced CVD (LT-PECVD). While the sheet resistance of bare

CuNW networks increased by 1800 times within two days in ambient conditions, that

of the core–shell graphene/CuNW films increased only slightly, less than 9%, after

30 days. These observations were attributed to the excellent gas barrier properties

of graphene, [44,64] as well as the enhanced conductivity by electrical co-percolation

between CuNW network and graphene grains. [65] It should be noted, however, that

the synthesis of large-area graphene with low defect concentration is still difficult and

is an active research topic of its own. Thus, while there are clear merits as cited above,

the deployment of graphene as an encapsulating material is costly at this time.

Figure 2-4: (a) Schematic of the fabrication process of the AgNW–graphene TE on a
glass substrate involving transfer of CVD grown-graphene. [66] (b) Direct deposition
of graphene by LT-PECVD on CuNWs. [63]

Secondly, conformal oxide coatings on MNW networks fabricated by various vapor-

based deposition techniques were shown, although most studies have so far focused
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on improving their thermal and electrical stabilities. For instance, embedding AgNW

in sputtered ZnO layers [67] to achieve a sandwiched ZnO/AgNW/ZnO structure, or

forming a thin conformal coating of ZnO using spatial atomic layer deposition (sALD),

significantly improves their stability at high temperatures [68] and is expected to serve

as a barrier against corrosion. ALD of oxides such as ZnO, TiO2, [69] Al2O3, [70]

Al:ZnO, [71] and HfO2 [60] have been demonstrated as transparent and, in some cases,

conductive, encapsulating layers; an example of a conformal ZnO coating on AgNWs

is shown in Figure 16, where the electrothermal stability of the nanowires increases

with increasing ZnO thickness. These coatings raise the electrical, thermal, and

chemical resilience of the nanowires with minimal impact on the optical properties.

For heating applications, these networks can reach temperatures upwards of 350°C,

which is around 100°C higher than acceptable bare MNW processing temperatures.

[68] In all cases, low-temperature depositions are favored, to avoid spheroidization as

well as to ensure process compatibility with flexible substrates. Moreover, roll-to-roll

processes are desirable. In the case of sputtering, pilot-scale roll-to-roll setups are

already available, enabled by linear magnetrons. [72] sALD is also able to achieve

high deposition rates, work in roll-to-roll compatible processes, and operate in an

open air setup. [73] Thus, for high value or high performance applications, scalable

vapor phase deposition of coatings on MNWs will be crucial for their commercial

viability.

Figure 2-5: TEM (left) and SEM (middle) images of sALD-deposited ZnO coating
on AgNW. Right: AgNW network resistance under a linear voltage ramp, showing a
delayed failure voltage as a function of coating thickness. [68]
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2.2.2 Solution deposition based approaches

Embedding MNWs into a polymer matrix has been explored for flexible electronics

applications. This strategy is particularly effective in delaying mechanical failure

of MNWs, while preserving their electrical properties. [74, 75] This enables stretch-

able devices, while also providing gas and moisture barrier properties which delays

chemical failure. These advantages are substrate and application specific, since they

require the implementation and compatibility of device components with the poly-

mer environment and precursors—and if polymer processing is done separately, then

they need suitable transferability and interfacing with the appropriate device lay-

ers. [76] Alternatively, conductive polymer coatings were employed to create MNW-

based nanocomposites. Most notably, PEDOT:PSS was used in multiple studies due

to its conductive nature and compatibility with many organic optoelectronic devices,

especially as hole transport layers in organic photovoltaics (OPV). [77] However, the

possibility that PEDOT:PSS is accelerating the corrosion of MNWs has not been fully

ruled out due to its acidic nature. [47, 48]

Electrochemistry and wet-chemistry based methods to coat MNWs have also been

developed. One approach pioneered by Wiley et al. [78] uses electrodeposition to di-

rectly coat the MNWs with oxide forming metals, such as Zn and Sn (Figure 2-6a,b).

Electrodeposition at cathodic potentials preferentially coats the MNWs with a thin

(≈15 nm) shell of Zn or Sn resulting in minimal loss in optical transmittance. Optical

transmittance can be further improved by oxidizing the Zn/Sn with a H2O2 treatment

(Figure 2-6c). This conformal oxide coating dramatically improved the stability of

CuNW networks under high humidity conditions (Figure 2-6d). [78] Electroless de-

position of Ni on CuNW was also demonstrated by the same group and has shown

applicability towards organic solar cells. [80] More recently, Stucky et al. [79] imple-

mented a simple wet-chemistry process to coat AgNWs with a monolayer of SnO2.

By introducing Sn2+ precursors to an AgNW suspension in ethanol, a spontaneous

redox reaction takes place on the AgNWs, forming a SnO2 layer (Figure 2-6e–g). The

SnO2-capped AgNWs demonstrated thermal resilience and chemical stability. The
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Figure 2-6: (a,b) EDS mapping images of Zn-coated (a) and Sn-coated (b) CuNWs
by electrodeposition. (c) Sheet resistance and transmittance evolution of Zn-coated
CuNWs upon H2O2 treatment. (d) Evolution of sheet resistance and transmittance of
encapsulated CuNWs stored at 85°C/85% RH. (a–d) Reproduced with permission. [78]
(e) Schematic of wet chemistry-based Sn2+ treatment of AgNWs. (f,g) TEM image
(f) and bright-field HRTEM image (g) of SnO2 coated AgNW. (e–g) Reproduced with
permission. [79]

authors reported only a 27% increase in sheet resistance after a harsh O3/O2 expo-

sure at 150°C for 60 min and the absence of spheroidization even at high temperatures

of 300°C in air. The above approaches show significant potential given the simplicity

and cost-effectiveness of solution-based processes.

As an alternative to CVD-graphene, inexpensive and solution-processible Graphene

Oxide (GO) or Reduced Graphene Oxide (RGO) have been explored as encapsulants

to improve the underlying MNWs’ stability. GO can be readily obtained by the well-

known Hummers method, where raw graphite is treated with sodium nitrate (NaNO3),

potassium permanganate (KMnO4), and concentrated sulfuric acid (H2SO4) to form

graphite oxide before hydrolyzing in water to form nearly single-carbon-thick GO. [81]

The layers of GO derives from graphite, but are heavily decorated with oxygen func-

tional groups on the edges and on the plane. Lerf et al [82] have proposed that the
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carboxylic (-COOH) groups are predominant at the edge, while hydroxyl (-OH) and

epoxide (-O-) are more dominant at the plane. (Figure 2-7) Due to the abundant

carboxylic acid groups which ionize in solution, GO acquires negative charge in aque-

ous solution and can be stabilized as a colloidal solution which aids in processing.

However, unlike graphene, GO is an insulator, since its sp2 network is disrupted by

sp3 carbons due to various functional groups. To partially restore conductivity, GO

can be reduced to RGO by thermal and chemical means. [83,84]

Figure 2-7: Idealized structure of Graphene, Graphene Oxide (GO) and Reduced
Graphene Oxide (RGO)

A number of studies have demonstrated the incorporation of GO and RGO to

MNW-based transparent electrodes. Thus far, GO/AgNW, [85–89] RGO/AgNW,

[46, 90, 91] RGO/CuNW [92, 93] have all been synthesized using various solution-

processing techniques including, but not limited to, spin-coating, [90] dip-treatment,

[85, 93] layer-by-layer (LbL) coating, [89] rod-coating, [94] and spray-coating. [86,

91, 92] It is interesting to note that both conductive RGO and insulating GO have

been used with MNW networks to fabricate TE, with significant improvement of
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conductivity over bare MNW networks. [85–87,91] The additional layer over the MNW

network decreases the optical transmittance compared to a bare MNW network, but

more so for RGO at the same layer thickness due to RGO’s higher optical absorption.

[95] However, minor reductions in transparency could be justified by the improved

stability, which is one of the most pressing challenges in using MNW networks. For

instance, GO/AgNW films fabricated by interfacial self-assembly [87] exhibited no

noticeable change in sheet resistance after 28 days of storage in air, while that of bare

AgNW networks increased by 900%. Other studies [86, 88] have directly proven the

chemical resilience of GO/AgNW films against sulfidation by exposing the samples to

various chemicals, including H2S. Studies using GO and RGO as encapsulating layers

invariably show that the chemical stability of MNW improves by minimizing their

exposure to solvents and corroding species from the atmosphere. This largely stems

from the well-known gas barrier properties of GO and RGO. [96]

2.3 Assessment of Protective Coatings for AgNW

networks

Given the diverse protective coating materials and processes used for MNW networks

as reviewed in the previous section, it is important to qualitatively and (at least)

semi-quantitatively assess their respective merits to guide materials selection for use-

ful applications. The main goal of materials selection is to meet specific product

performance goals. In this regard, it is crucial to examine existing MNW stabi-

lization strategies in the context of existing applications and their specific perfor-

mance/lifetime benchmarks.

2.3.1 Application-Specific Requirements for MNW-based TE

We first identify the success criteria for each application where the use of MNW

networks were considered as either the active components or as electrical contacts.

The portfolio of such device applications is diverse but can be summarized into four
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broad categories: transparent film heaters (TFH), solar cells, displays, and sensors.

For each group of applications, we consider the relative importance of the performance

and stability criteria, including: (i) the figure of merit (𝐹𝑜𝑀), (ii) (low) optical haze,

(iii) chemical stability, (iv) (electro)thermal stability, and (v) mechanical stability.

Figure 2-8: Radar plots showing the relative importance of performance metrics for
TFHs, solar cells, displays, and sensors. The marks are only general qualitative
indications, where a higher score denotes a favorable quantity.

The radar plots in Figure 2-8 indicate the relative importance of each criteria,

based on each application’s working environment and purpose. For instance, TFHs

are commonly used in defrosting or defogging vehicle windows or any surface of a

device exposed to the outdoor environment. TFHs operate by raising the temperature

of a transparent conductor through Joule heating. Naturally for TFHs, electrical and

thermal stabilities of MNWs are the most important criteria. Chemical stability is

also important as high temperature induces irreversible chemical degradation of the

MNWs.

Although electrothermal stability is important for solar cells, it is less critical than

the electrothermal requirements for TFHs. This comparison can be quantified by the
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average operating current density flowing through individual nanowires (𝐽𝑁𝑊 ). Ac-

cording to Khaligh et al. for solar cells operated in standard conditions, 𝐽𝑁𝑊 is on

the order of 108 A/𝑚2, [97] which is around two orders of magnitude lower than the

value reported by Lagrange et al. for unprotected AgNWs in TFHs when approach-

ing failure conditions, i.e., 𝐽𝑁𝑊,(𝑓𝑎𝑖𝑙𝑢𝑟𝑒) ≈ 1010 A/𝑚2. [69] The calculations for 𝐽𝑁𝑊

associated with solar cell and TFH with varying parameters (such as MNW density,

MNW dimensions, applied voltage, etc.) have been included in the Supporting In-

formation. On average, in standard operating conditions, the 𝐽𝑁𝑊 for solar cells is

around one order of magnitude lower than the 𝐽𝑁𝑊 for TFHs. As a consequence,

for solar cells, relative importance should rather be placed on the 𝐹𝑜𝑀 , which is

critical to attaining an acceptable power conversion efficiency (PCE ). It should be

noted that for such optoelectronic devices, the stability of MNW networks should be

considered according to the specific architecture of the device. For instance, studies

have shown that MNW networks can be either laminated as top electrodes, [76] or

pre-deposited on a flexible substrate, [98] which illustrate that their stability is highly

dependent on surrounding layers. For instance, long-term chemical stability against

the environment and acidic PEDOT:PSS is important when utilizing MNW networks

as top electrodes for inverted organic solar cells to ensure prolonged device lifetime.

The performance/stability requirements are similar for displays, except that the op-

tical haze should be minimized so as to not impair visibility. In the case of solar

cells, increasing the optical haze could be beneficial; by introducing scattering which

maximizes incident light absorption, higher short-circuit current density values can

be achieved. [99] However, haze is detrimental when considering transparent/semi-

transparent solar cells, for similar reasons as TFHs and displays. Finally, the most

critical requirement for (often wearable) sensors comprising MNW networks is having

excellent mechanical stability including and flexibility and stretchability.

2.3.2 Evaluation of MNW Encapsulation Strategies

As we have discussed earlier, TE based purely on MNW networks have poor stabil-

ity, which results in limited applicability towards devices with rigorous performance
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requirements. The addition of encapsulating materials will improve either chemical,

mechanical, or thermal stabilities, or the combinations thereof, to varying degrees.

These stability improvements typically come at the expense of processing cost or the

FoM, which are all important metrics that gauge the practicality of a materials sys-

tem. A comparison of different technologies, including ITO, bare MNW networks,

and encapsulated MNW networks, is presented in Figure 2-9, where the cost is set

based on a fixed sheet resistance requirement for all materials. We can see that all

the encapsulation strategies improve the overall stability of the MNW network. In

particular, GO and RGO offer a good improvement of all stability with a relatively

low processing and materials cost (as will be discussed in the next section), while

ALD-based approaches offer more pronounced stability improvements at a slightly

higher cost. Though most existing literature focuses on encapsulation of AgNW net-

works, few works have also demonstrated stability improvements for CuNW-based

electrodes. [100,101]

As an example of how the gathered metrics can be used to evaluate the suitability

of an encapsulation strategy for a specific application, we consider encapsulated MNW

electrodes for solar cells in Figure 2-10. In this figure, the overlapping area between

the application and the electrode technology shows how well the application needs

are addressed. In this figure, we only consider technical performance parameters, and

not cost considerations, as this will be discussed later in this section. Based on the

initial radar plot, it is clear why ITO is more appealing than unencapsulated MNW

networks due to its superior stability (assuming flexibility is not a major application

requirement). For the GO and RGO encapsulated MNW networks, stabilities much

closer to that of ITO can be achieved with the added benefit of mechanical flexibility,

where ALD and sALD can offer stability closest to that of ITO while maintaining

mechanical flexibility. For the solar cell application, this shows the promise of using

encapsulated MNW-based electrodes for flexible solar applications. In all cases, ap-

plication requirements are better met with encapsulated MNW networks than with

ITO, but the specifics of which requirements are better met depends on the applica-

tion. For example, since flexibility is particularly important for displays and sensors,
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Figure 2-9: Radar plots showing comparison of various transparent electrode systems
in terms of their Figure of Merit (𝐹𝑜𝑀), low cost, chemical stability, thermal stability,
and flexibility. The marks are only general qualitative indications, where a higher
score denotes a favorable quantity. A detailed analysis to justify these marks, based
on a survey of recent literature, is available in [38], or by direct request to the author.

this makes it much more appealing to use encapsulated MNW networks. The analysis

with the rest of the applications is presented in available in [38].

Regardless, unequivocal comparison of the degree of stability across different sys-

tems of encapsulated MNW networks is not a trivial task. This is because failure

tests are not standardized and are often not application-oriented. Elucidating the

cost of materials synthesis for an encapsulant-MNW pair also requires detailed tech-

noeconomic analysis.

2.4 Why (Reduced) Graphene Oxide?

From the technological assessment of strategies to protect MNWs as given in the pre-

vious section, it is clear that there is no one ideal type of coating material that can
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Figure 2-10: Radar plots comparing an application (in this case, solar cells) to TE
technologies, namely ITO, MNW networks, and encapsulated MNW networks. The
application requirements, starting from the top going clockwise, are the FoM, chemical
stability, thermal stability, and flexibility. The gray area represents the application
requirements, while the solid lines represent the TE technology. This illustrates how
encapsulation makes encapsulated MNWs more appealing than ITO for flexible solar
cell applications.

satisfy all of the requirements, including application-specific performance, cost, and

long-term stability. Nevertheless, in moving towards a technological goal, it is im-

portant to put more importance on one of the requirements in order to constrain our

search space to develop the best stabilizing solution for AgNW networks. In this the-

sis, cost effectiveness and scalability will be put forth as the most important require-

ments, given the fact that one of the primary motivations for using solution-processed

MNWs in the first place is their low cost and ease of processing over conventional ITO.

(Figure 2-9) As discussed earlier, GO/RGO are relatively cheap materials that still

shows good barrier properties coupled with outstanding mechanical flexibility. Their

synthesis route is now commoditized such that there are a multitude of vendors which

produce them at large-scale, making them closer to actual market adoption in the

near future. In this regard, the focus of this thesis was put on developing an all-

solution process to stabilize AgNWs and further explore use of GO and RGO as a

protective coating material.

However, there exist challenges in using GO or RGO with AgNW networks which

the present thesis aims to tackle. First of which is the lack of truly scalable processes

to fabricate GO/RGO-AgNW hybrid TEs.

Second, the thermal/electrothermal stability when using GO or RGO with Ag-

NWs have seldom been discussed or have been measured to be quite poor compared

to metal oxide based coatings. Earlier works by Khaligh et al. [102] and Kwan et
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al. [103] cite thermal dissipation and surface diffusion hindrance, respectively, as pos-

sible mechanisms by which spheroidization of MNW can be prevented by a RGO/GO

coating. Zhu et al. [104] used GO as intermediate layers between AgNW networks, as-

suming that GO could prevent diffusion, and showed its thermal stability. This recent

progress demonstrates a growing interest in understanding the role that GO/RGO

plays in the thermal and electrical stability of MNW networks, though existing hy-

potheses still need to be verified.

Finally, fundamental questions regarding the structure-property (-stability) rela-

tionships in GO/AgNW and RGO/AGNW TEs have not been fully answered. For

instance, differences between the role of GO and RGO in enhancing the chemical

stability of AgNW-based TE is less studied, although any observed differences are

expected due to differences in both chemistry and structure between RGO and GO.

In addition to its restored graphitic sp2 domains, RGO has fewer functional groups at

its edges and basal planes compared to GO, resulting in reduced hydrophilicity [83]

and interlayer spacing. [105] This could be beneficial in protecting the underlying

MNWs that are prone to moisture and oxidizing/sulfidizing species. However, it is

also known that the reduction of GO results in the formation of defects, such as

nanopores, through which such corroding species could be transported. [106] Other

factors regarding the morphology of GO or RGO films, such as coverage and con-

formality over the AgNW network, film thickness, and individual flake sizes, could

alter their barrier properties. The impact of these parameters on the AgNW stability

remain not fully answered and a thorough and systematic study is needed.
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Chapter 3

Double-Sided Encapsulation of

AgNW Networks by GO

This chapter is reproduced in part with permission from refs. [45] and [107]:

W. H. Chae, T. Sannicolo, and J. C. Grossman. Double-Sided Graphene Ox-

ide Encapsulated Silver Nanowire Transparent Electrode with Improved Chemical

and Electrical Stability. ACS Applied Materials and Interfaces, 12(15), 17909–17920

(2020)

T. Sannicolo, W. H. Chae, J. Mwaura, V. Bulović, and J. C. Grossman. Silver

Nanowire Back Electrode Stabilized with Graphene Oxide Encapsulation for Inverted

Semitransparent Organic Solar Cells with Longer Lifetime. ACS Applied Energy Ma-

terials, 4(2), 1431–1441 (2021)

3.1 Introduction

As explained in Section 2.3, integration of MNWs with inexpensive and solution-

processable graphene oxide (GO) or reduced graphene oxide (RGO) was previously

explored by using spin coating, [90] dip coating, [87] rod coating, [108] and spray
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coating, [86, 91,92,109] but challenges still remain in terms of large-scale processing.

For example, spin coating is a lab-scale batch process that also results in inhomo-

geneous films due to edge effects and the centrifugal force on particles. Moreover,

the size of the substrate is severely limited, as with vacuum filtration. Spray coating

incurs a risk of spray nozzle clogging or unsteady operation, which may be a concern

for nanomaterials with high aspect ratios. This may require hours of sonication to

break up the GO sheets or necessitate use of ultrasonic sprays which tend to break

or damage micrometer-sized GO sheets, [110, 111] placing restrictions on the mor-

phology of the final GO film. In addition to such drawbacks, a critical limitation

for all of the conventional solution-based deposition techniques is that the choice of

substrate is restricted to those with a planar geometry, and pretreating them to op-

timize the wetting properties is critical to mitigate inhomogeneities such as “coffee

stains”. [112] Furthermore, although previous studies have demonstrated an AgNW-

GO hybrid structure, many aspects of the chemical and electrical stability of AgNW

networks imparted by the presence of GO either have not been fully demonstrated or

remain poorly understood.

In this work, we report a novel fabrication process that utilizes a scalable and eco-

nomically viable electrophoretic deposition (EPD) method and GO solution dip treat-

ment to fabricate highly stable transparent electrodes where the conductive AgNW

network is effectively “sandwiched” between a seamless EPD-GO film with tunable

thickness and ultrathin GO (Dip-GO) composed of 1–2 layers. We demonstrate that

the GO layers enhance contact between NWs to reduce the junction resistance, mit-

igating the need for treating NWs at high temperature. Our films demonstrated

excellent sheet resistance as low as 15 Ω/sq and a tunable transmittance of 70–87%

by simply tuning the EPD parameters.

Furthermore, the increase in the film stability was shown to depend largely on

which GO layer is protecting the underlying AgNW network. When Dip-GO is ex-

posed to air (“Dip-GO up”), stability reinforcement of the electrode is observed, al-

though partial degradation can still occur. However, when EPD-GO was exposed

to air (“EPD-GO up”), our hybrid electrode retains its original conductivity under
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long-term storage at 80 °C in both moderate (55% relative humidity) and high (80%

relative humidity) humidity conditions. The exceptional chemical stability offered by

the EPD-GO layer was verified by the absence of major silver corrosion products for

the AgNW as indicated by X-ray photoelectron spectroscopy (XPS). Finally, for the

first time, an in-situ voltage ramping test up to 20 V was performed on a GO-AgNW

composite structure. The results indicate a novel stabilization behavior enabled by

the presence of GO that prevents abrupt divergence of the resistance to the MΩ range

experienced by bare AgNW networks.

Importantly, our process allows the film to be transferred to arbitrary surfaces

with desired orientation such that either EPD-GO or Dip-GO is facing up. This

freedom adds versatility for future device integration where certain properties need to

be emphasized over others as they are strongly correlated to the thickness/robustness

of the GO protecting layer being used. For instance, a thick EPD-GO layer offering

increased chemical and electrical stability at elevated temperatures and high voltages

could be preferentially used at the top when integrating this film in a transparent

heater, while an ultrathin Dip-GO layer could be preferentially used as an interfacial

layer in solar cells as a way to enable Ohmic transport and optimize the energy level

matching with other layers.

3.2 Overview of the fabrication process

We have developed a novel and cost-effective fabrication process utilizing electrophoretic

deposition (EPD) and solution dip-treatment to create an EPD-GO/AgNW/GO hy-

brid composite transparent conductor. The process is illustrated in Figure 3-1a: (i)

coating of a dissolvable sacrificial cellulose acetate (CA) layer on stainless steel (SS)

substrate, (ii) EPD of GO thin film, (iii) AgNW coating, (iv) dip treatment in GO

solution, (v) acetone bath to dissolve CA layer, and (vi) transfer onto arbitrary sur-

face.

EPD is a colloidal deposition technique where an electric field is created within a

colloid dispersion by applying a constant voltage between two electrodes immersed in
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Figure 3-1: (a) Process flow for the fabrication of EPD-GO/AgNW/GO conductive
films. (b) Schematic of the electrophoretic deposition (EPD) setup.

the solution (Figure 3-1b). This attracts and deposits the charged colloidal particles

to the electrode with opposite charge to form a dense film. As GO flakes dispersed in

water are negatively charged due to the abundant deprotonated carboxylate groups,

deposits will be formed on the positively biased anode upon EPD. [113] The advan-

tages of EPD over other solution-based processes include low cost, rapidity, simple

equipment, controllable deposition rate, uniformity of deposition, and the possibility

to be performed on surfaces with complex morphologies. [114] In conventional EPD,

as the deposition substrate is the electrode, it is difficult to detach the deposited film

from the SS substrate (electrode). Therefore, to allow transfer of the film from the

substrate, a sacrificial layer made of cellulose acetate (CA) was coated on the SS

substrate prior to EPD to liberate the deposited structure upon immersing in ace-

tone, [113, 115] allowing transfer of the final EPD-GO/AgNW/GO film to arbitrary

surfaces.

Upon deposition of the first GO layer by EPD (EPD-GO) on SS substrate to form

EPD-GO/SS, AgNW was coated on top of the EPD-GO/SS by spin coating. The

density of the AgNW is primarily responsible for the conductivity of the film and can

be tuned by changing the concentration of AgNW solution and spin speed. It should

be noted that the method of AgNW deposition can vary, and the inherent wettability

of the GO allows AgNW to be easily coated by spray coating as well (Figure 3-2).
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Therefore, our process has the flexibility to accommodate a variety of existing MNW

coating techniques.

Figure 3-2: SEM image of EPD-GO/AgNW/GO film with spray-coated AgNWs.

The resulting AgNW/EPD-GO/CA/SS structure is then simply dipped in the GO

dispersion, rinsed in water, and blow-dried. This dip-treatment covers the exposed

AgNW with ultrathin GO flakes to mechanically weld or fix the AgNW onto the EPD-

GO layer and to create a sandwiched structure of GO/AgNW/EPD-GO/CA/SS. As

has been proposed by Pei et al., electrostatic attraction between AgNW and GO

flakes in solution causes the AgNW network to be covered in an ultrathin GO coating

composed of only a few layers. [85] Coating the AgNW by ultrathin GO at this stage of

the process is also beneficial to affix the AgNW network onto EPD-GO. The contact

between AgNW and EPD-GO prior to dip treatment was indeed observed to be

poor as evidenced by delamination of the AgNW thin film at the air–water interface

(Figure 3-3). Note that performing the second GO deposition by EPD instead of

dip treatment is prevented since AgNWs already present on the deposition substrate

(positive electrode) would simply dissolve as a result of the applied positive bias. The

subsequent acetone bath detaches the EPD-GO/AgNW/GO film by dissolving the

CA layer and allows transfer to arbitrary surfaces. As illustrated at the end of the

process schematic of Figure 1a, transfer of the final conductive composite film can

59



be accomplished in two different orientations, where either the EPD-GO layer or the

Dip-GO layer is facing up with respect to the target substrate.

Figure 3-3: Image of AgNW film spin-coated on EPD-GO/SS being delaminated at
the air-water interface prior to second GO coating by dip-treatment.

3.3 Structural characterization

Our fabrication process utilizing both EPD and solution dip treatment is not only

scalable and cost-effective compared to existing techniques but also beneficial as it

results in a novel composite structure where the AgNW network is “sandwiched” by

two GO layers synthesized by two different means. The EPD-GO and Dip-GO that

cover the AgNW network offer different properties to the final composite structure

because of their structural differences which were characterized by SEM. Figures 3-4a

and b show, respectively, the top and tilted view of the EPD-GO/AgNW/GO film,

where EPD-GO is facing up, and illustrate the EPD-GO film following the topography

of the underlying AgNW network. It is notable that thanks to the capability of

EPD to form continuous films over macroscopic areas, EPD-GO did not show any

discontinuities such as gaps or holes that would expose the underlying AgNWs to the

external environment. Figures 3-4c and 2d are analogous images where Dip-GO is

facing up. Contrary to EPD-GO, it was difficult to conclude that GO was seamlessly

covering the NWs for the Dip-GO side. In most areas, the AgNW network appears

to be seamlessly covered with GO based on the little contrast difference of the NWs.

Figure 3-4c, which is the top-down SEM view of the Dip-GO treated side of the film,
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Figure 3-4: SEM images showing EPD-GO/AgNW/GO film in various perspectives
including (a, c) top-down view, (b, d) tilted view, and (e) cross-section view. (f)
EPD-GO film thickness and total transmittance (at 550 nm) as a function of GO
solution concentration.

clearly shows individual AgNW surfaces even at a low acceleration voltage of 1 kV due

to the ultrathin nature of GO. The contrast was observed to be uniform on the NWs,

indicating GO flakes are completely covering the NWs in view. However, nanoscale

gaps between GO flakes exposing bare AgNW were detected from the tilted view of

another region of the same sample (Figure 3-4d), as indicated by the arrows. The

presence of such nanoscale gaps and the contrast between individual Dip-GO sheets

were more easily visualized by performing a dip treatment on AgNW networks on

glass without underlying EPD-GO, as shown in the SEM images (in-lens detector)

in Figure 3-5a,b. This may be due to the stochastic nature of the dip treatment

as well as size differences (Figure 3-5c) between GO flakes and has implications for

the AgNWs’ chemical stability as will be discussed subsequently. Finally, an SEM

cross-section image (Figure 3-4e) of the EPD-GO/AgNW/GO film clearly reveals the

morphology of our film where NWs are covered by a thicker EPD-GO on one side

and an ultrathin GO layer on the other side, demonstrating the effectiveness of our

simple and solution-compatible process in creating a GO/AgNW/GO structure.
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Figure 3-5: (a) SEM in-lens image of Dip-GO on AgNW deposited on a glass sub-
strate. (b) Higher magnification view of the dashed square region in (a). Arrows
indicate nanoscale gaps where AgNWs are not covered. (c) Size distribution of GO
flakes showing large variation. Size was expressed in terms of equivalent square side
length. (d) AFM profile of a single GO flake.

Utilizing EPD in the fabrication process allows the thickness of the GO to be

easily controlled by simply tuning the deposition parameters. Among such param-

eters, the GO solution concentration was varied, while the deposition voltage and

time were fixed in all experiments. Previous studies on the EPD of GO films [116]

have demonstrated that the deposited mass is a linear function of the GO solution

concentration, in line with the well-known Hamaker’s law for EPD:

𝑤(𝑡) = 𝑓𝜇𝐸𝐴𝐶𝑡 (3.1)

where 𝑤(𝑡) is the deposited mass, 𝑓 is the coefficient of deposition (≪1), 𝜇 is the

electrophoretic mobility, 𝐴 is the substrate surface area, 𝐶 is the solution concentra-

tion, and 𝑡 is the deposition time. [117] The thickness of EPD-GO films characterized
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by atomic force microscopy (AFM) is plotted as a function of GO concentration in

Figure 3-4f, revealing that the relationship between the thickness and GO solution

concentration is close to linear. The detailed AFM images and height profiles of each

EPD-GO film are shown in Figure 3-6.

Figure 3-6: AFM image of EPD-GO films fabricated with GO solution concentrations
of (a) 0.08 mg/ml, (b) 0.15 mg/ml, (c) 0.3 mg/ml, (d) 0.45 mg/ml. (e) shows the
height profiles of the AFM images along the direction indicated by the white dashed
arrows.

Although thickness of electrodeposited films has sometimes been reported to be

inhomogeneous, particularly at the edges due to higher electric field strength at the

deposition substrate edges, [118] our films exhibited very high thickness uniformity

except at the sample edges (Figure 3-7). As can be seen in Figure 3-7a, the rep-

resentative thickness of the EPD-GO film in this case was the value at the center,

corresponding to 19.5 nm. Starting from the film edge, the thickness decreases quickly

to within 10% of the center thickness from a distance of about 3 mm from the edge.

This suggests that on a 25.4 mm square sample the EPD-GO thickness is perfectly

uniform over a length of 19 mm, meaning that 75% over the 25.4 mm length across

the film has uniform thickness. This value matches well with the region of uniform

electric field intensity simulated by COMSOL for the same sample size, which was

about 76% of the sample length (Figure 3-7b). This region of uniform field should

correspond to consistent EPD-GO thickness, as EPD deposition thickness depends

on the electric field intensity. [117] Furthermore, our simulations show that scaling

up the substrate size increases the proportion of region with uniform field, which
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suggests that edge inhomogeneity does not prevent EPD from being a scalable pro-

cess (Figure 3-7b). While other strategies to mitigate the edge effect by employing

different sizes for the deposition and counter electrode during EPD have already been

investigated, [119] this is out of the scope of the present contribution.

Figure 3-7: (a) Plot of the film thickness of an EPD-GO film measured by AFM
against the distance from the edge of the sample. (b) Simulated intensity of electric
field in the y direction 0.1 mm above the plate at the D0/2 location, plotted as a
function of x/D0 (inset shows the parallel plate configuration simulated with COM-
SOL where 5V was applied between two square parallel plates of side length D0, 5
mm distant from each other, in a water medium).

Implementation of EPD in our process allows facile tuning of the GO thickness

from roughly 15 to 100 nm. This in turn enables the optical transmittance (at 550 nm)

to be easily tuned across a wide range from 75% to above 90% (Figure 3-4f), compat-

ible with various optoelectronic technologies using transparent conducting layers. [37]

With longer deposition times and higher GO concentration, even thicker (microm-

eters thick) GO films can be easily realized through EPD. [114] Films with thicker

GO-AgNW hybrid structures could potentially find applications in conductive mem-

branes for electrochemical devices [120, 121] or electromagnetic interference (EMI)

shielding. [122]
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Figure 3-8: (a) Sheet resistance of EPD-GO/AgNW/GO films compared with bare
as-coated or thermally annealed AgNW networks. (b) Histogram showing height
distribution of two nanowire junctions. AFM images of (c) bare AgNW network and
(d) EPD-GO/AgNW/GO film. (e, f) AFM height profile of the same.

3.4 Electrical and Optical properties

The mean sheet resistance and total transmittance at 550 nm are the most impor-

tant optoelectronic performance metrics for transparent conductors in general. How-

ever, for MNW networks, electrical uniformity as well as light scattering deserves

equally serious attention. [51, 99] In particular, ensuring low sheet resistance uni-

formly throughout AgNW networks is challenging due to the high resistances be-

tween individual AgNWs at the junctions and potential lack of uniformity in the

AgNW coverage itself as opposed to conductive metal oxides with continuous film

morphology. To assess the magnitude and homogeneity of our films, we have used the

linear four-point probe (4PP) technique to measure the sheet resistance of our sam-

ples at five different locations. Although GO is an insulator, the 4PP measurements

were possible for sufficiently thin GO thicknesses below 25 nm, which was achieved

for EPD-GO fabricated with 0.08 and 0.15 mg/mL GO solution. Figure 3-8a shows

the mean sheet resistances of the samples with various configurations along with

the standard deviations over the five values measured in each case. As-coated bare

AgNW networks exhibited a mean sheet resistance of 40 Ω/sq with a large standard
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variation of 12 Ω/sq, indicating that the resistances between wires are not only high

but are also widely varying. In contrast, bare AgNW annealed at 200 °C for 50 min

showed a sharp reduction of sheet resistance to 13.6 Ω/sq and a reduced standard

deviation of 3.3 Ω/sq, indicating that the majority of NW junctions have sintered to

form more low-resistance conduction pathways. [34] Our EPD-GO/AgNW/GO films

demonstrated similarly low and homogeneous mean sheet resistance values. For both

the EPD-GO side (0.08 mg/mL GO) and the Dip-GO side, mean sheet resistance

values were 16 and 14.5 Ω/sq, with standard deviations of 2.5 and 1.4 Ω/sq, respec-

tively. As a consequence, electrical optimization was achieved without resorting to

any thermal treatment. Note that the slight difference in the sheet resistance values

associated with the sample with EPD-GO up and the one with Dip-GO up is due

to slight fluctuations of the density of deposited AgNWs by spin coating, which is

inherent for any percolating structures. The electrical performance is only driven by

the density of AgNWs.

To further investigate the origin of the observed electrical optimization induced by

the GO “sandwich” structure, we have performed AFM to characterize the NW junc-

tions. Junctions where two NWs crossed were identified in the AFM images of EPD-

GO/AgNW/GO films and bare AgNW networks, and the height across the junctions

was measured and recorded. Figure 3-8b shows the height distribution of 50 junc-

tions. It is clear that the overall junction height decreased for EPD-GO/AgNW/GO

compared to bare AgNW, indicating partial, if not total, interpenetration between

NWs. The interpenetration of NWs is also visibly apparent from the SEM image of

Figure 2b,d. Example AFM images and height profiles of a bare AgNW network and

EPD-GO/AgNW/GO film are shown in Figure 3-8c–f. The numbers above each peak

in Figures 3-8e,f indicate the number of NWs in the junction encountered along the

white dashed arrows in the associated AFM images. For both films, single NWs were

measured to have similar height of roughly 50–60 nm, which is equal to their actual

diameter. However, the heights measured for junctions of two or more wires are much

lower for EPD-GO/AgNW/GO films than for bare AgNW where the heights of the

junctions multiply in magnitude in accordance with the number of NWs. It is likely
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that both the EPD-GO and the Dip-GO layers that cover the AgNW network enhance

the physical contact between nanowires through downward force applied to the wires

during drying of the film [85, 87] as well as from the adhesive force originating from

hydrogen bonding between EPD-GO and Dip-GO nanosheets. [123] Concurrently, the

uniform coverage of EPD-GO over the underlying AgNW network ensures that such

junction optimization occurs homogeneously throughout the film. The combined ef-

fect of GO encapsulation mitigates the need for high-temperature treatment of NWs,

making our process favorable toward using flexible plastic substrates.

Figure 3-9: (a) UV–vis transmission spectra of bare AgNW and EPD-GO/AgNW/GO
transparent electrodes fabricated with similar AgNW density (𝑅𝑠ℎ = 18.2 ± 1.6 Ω/sq)
but various GO concentrations used for EPD. (b) Haze factor (averaged 400–700 nm)
as a function of increasing EPD-GO thickness. (c) Image of EPD-GO/AgNW/GO
conductive film fabricated with 0.08 mg/mL GO solution, transferred on a 2.5 cm ×
2.5 cm glass substrate and (d) transferred on a glass vial.

To assess the total transmittance and the degree of light scattering of our EPD-

GO/AgNW/GO, we have performed UV–vis spectroscopy with an integrating sphere
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setup. Figure 3-9a shows the total transmittance spectra in the wavelength range of

300–800 nm for AgNW networks of similar sheet resistance (𝑅𝑠ℎ = 18.2 ± 1.6 Ω/sq)

as a function of the GO solution concentration used for EPD-GO fabrication. For all

reported transmittance values the contribution from the underlying glass substrate

is removed. It can be seen that the transparency of the film decreases with GO

thickness and GO solution concentration used in EPD, as expected from the results

shown in Figure 3-4f. Films fabricated with GO solution concentration of 0.08, 0.15,

0.3, and 0.45 mg/mL had a transmittance of 87.5%, 83.7%, 74.5%, and 70.8% at

550 nm, respectively. The uncoated AgNW network with a similar density had a

transmittance of 93.8%. Using a GO solution concentration of 0.08 mg/mL for the

EPD yielded the most transparent film, with a transmittance of 87.5% at 550 nm. As

a reference, an image of this film on glass with a printed text background and on a

15 mL glass vial is shown in Figures 3-9c and 4d, respectively. Despite the slight loss

in transparency compared to uncoated AgNW networks, our film is still compatible

with many applications, where acceptable transmittance at 550 nm should be around

90%. [2, 124,125]

Figure 3-10: Haze factor spectra of EPD-GO/AgNW/GO films and bare AgNW in
the 350-700 nm range.

The extent of light scattering can be assessed by calculating the haze factor, which
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is the ratio of diffuse transmittance to total transmittance. Figure 3-9b shows the haze

factor averaged in the 400–700 nm range for our EPD-GO/AgNW/GO films. Full

haze factor spectra are shown in Figure 3-10. The haze factor increases with increasing

EPD-GO thickness, with 3.6%, 5.0%, 7.1%, and 9.2% for the EPD-GO/AgNW/GO

film, while the haze factor for the bare AgNW network was 3.8%. This is expected

due to the random stacking of individual GO as well as the inhomogeneous nature

of GO films which is composed of graphitic layers with various functional groups,

void spaces, and water molecules. The refractive index mismatch at the interfaces

caused by these inhomogeneities will lead to pronounced scattering as light passes

through thicker GO films. Overall, the results suggest that by controlling the EPD

parameters of GO, it is possible to predictably tune the level of transparency and

haze. This could have critical implications toward using our electrodes in various

applications that require different optical characteristics. For instance, high haze

factor has been shown to be beneficial in organic solar cells due to increased light

path length [99] while display applications require minimal haze for the sake of visual

comfort.

3.5 Stability characterization

3.5.1 Chemical stability

The poor long-term chemical stability of bare, uncoated metallic nanowires such as

AgNW is one of the major obstacles impeding their application. Therefore, we have

assessed the chemical resilience of our EPD-GO/AgNW/GO electrodes by observing

the change of their sheet resistance for a period of 20 days in comparison with that of

annealed bare AgNW networks. Also, for EPD-GO/AgNW/GO electrodes, two cases

were considered such that either EPD-GO or Dip-GO was facing the environment,

and two different thicknesses of EPD-GO—15 and 25 nm—were chosen. The samples

were stored in air at 80 °C to accelerate the degradation kinetics and were only taken

out briefly once a day to measure the sheet resistance. The impact of humidity on
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chemical degradation was assumed to be constant, given the insignificant relative

humidity variations over the duration of the experiment. The relative humidity was

measured to be very close to 55% for the entire duration of the experiment.

Figure 3-11: Environmental aging test of EPD-GO/AgNW/GO networks. (a, b)
Sheet resistance variation for annealed bare AgNW and EPD-GO/AgNW/GO sam-
ples where either Dip-GO or EPD-GO was facing up, exposed to air for either (a)
20 days under a constant relative humidity of 55% or (b) 7 days under a constant
relative humidity of 80%, both heated at 80 °C to accelerate the degradation kinet-
ics. Note that bare AgNW, Dip-GO up, EPD-GO up (25 nm), and EPD-GO up (15
nm) samples exhibited transmittance values of 93%, 86%, 87%, and 83% at 550 nm,
respectively.

Figure 3-11a shows the variation of sheet resistance for annealed bare AgNW and

EPD-GO/AgNW/GO films. The samples had the same size and the same nanowire

density as confirmed by their very similar initial sheet resistance. The aging pro-

cess was performed simultaneously for all the samples. Bare AgNWs suffered from

significant degradation as demonstrated by a 6-fold increase of their average sheet

resistance after 20 days. Dip-GO provided some protection to the underlying NWs,

but the mean sheet resistance still increased by a factor of 2.5 after 20 days. In stark

contrast, when EPD-GO was facing up and serving a protective role against the envi-

ronment, underlying AgNW networks retained their original sheet resistance for the

entire duration of the experiment. The standard deviations shown in Figure 3-11a

due to variations in measurement at different points on a sample indicate the degree

of electrical homogeneity. The variance increases significantly to more than 110 Ω/sq
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with aging for the annealed bare AgNW network, while for EPD-GO/AgNW/GO it

retains its low initial value of less than 5 Ω/sq (Figure 3-12). This preservation of high

electrical homogeneity suggests that the protection capability of EPD-GO is uniform

across the film thanks to the continuous and seamless coating enabled by EPD. In this

experiment, EPD-GO thickness of 15 and 25 nm yielded the same resilience against

humidity. Hence, for EPD-GO thicknesses higher than 15 nm, the through-plane

diffusion lengths of the corroding gas species are high enough to prevent them from

reaching the AgNWs surface. [96] As will be further elaborated in Section 3.5.2, thin

EPD-GO films are also expected to be more conformal around individual AgNWs than

thicker films (Figure 3-15, insets). Therefore, decrease in conformality when increas-

ing the EPD-GO thickness is likely to counteract the expected additional chemical

protective capabilities offered by increasing the GO thickness, such that increasing the

EPD-GO thickness ultimately has reduced benefit on the observed chemical stability.

Figure 3-12: A Close-up of Figure 3-11(a); sheet resistance variation for EPD-
GO/AgNW/GO samples where EPD-GO was facing up, stored in air at 80°C for
20 days.

To explain the chemical stability, morphology assessment by SEM imaging and

chemical analysis by XPS were performed on the bare AgNW and EPD-GO/AgNW/GO

electrodes after the degradation experiment. It should be noted that although the

X-ray penetration depth is about 10 𝜇m, only the top 10 nm can emit photoelec-
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trons. As a consequence, when EPD-GO/AgNW/GO films are in the “EPD-GO up”

configuration, the thickness of GO film (>10 nm) hinders accurate XPS analysis of

the underlying AgNW. Therefore, we applied a double-sided carbon conductive tape

onto the film and removed it, so that the entire film came off from the substrate with

the tape without damage. This way, we have reversed the film orientation such that

AgNWs covered by Dip-GO were exposed. As the Dip-GO is only 1–2 nm thick, this

effectively exposes the AgNWs that had been covered by EPD-GO, allowing for their

proper SEM and XPS characterization. Figure 3-13a–d shows SEM images of de-

graded bare AgNW network and EPD-GO/AgNW/GO films with either the Dip-GO

or the EPD-GO layer facing up. The bare uncoated AgNW surface (Figure 3-13a) ex-

hibits nanoparticle-like features and larger aggregates. These features are most likely

Ag2S, as has been identified in previous works as the principal corrosion product of

AgNW that forms by the reaction of Ag with atmospheric sulfur-containing species

such as carbonyl sulfide (OCS) and H2S. [41] It is known that even a trace amount

of these species in vapor, when aided by humidity and temperature, can induce sig-

nificant sulfidation of AgNWs. Because Ag2S particles are semiconducting and grow

at the expense of Ag, it tends to increase the resistivity of AgNWs by thinning down

initially pure Ag and disrupting the continuity of NWs. Although the overall coverage

of the corrosion products is much less important than in the bare AgNW case, it was

observed that AgNWs covered by Dip-GO (Figure 3-13b) were not completely free of

such particles. In contrast, the surfaces of AgNWs that had been covered by both

thicknesses of EPD-GO are free of such rough features, as can be seen in Figure 3-13c

and d.

The presence of sulfidation products for bare AgNW networks and absence of

sulfides for the GO-protected AgNW networks have been further confirmed by the

XPS scan in the S 2p region, as shown in Figure 3-13e. For bare AgNW, a peak

corresponding to Ag2S is clearly visible near 162 eV, which can be deconvoluted into

two peaks at 161.7 and 162.7 eV that correspond to the split energy levels caused

by spin–orbit coupling. [41] Another peak situated at 168 eV and a shoulder peak

at 168.7 eV correspond to sulfates, most likely Ag2SO4 or Ag2SO3, which are other
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Figure 3-13: (a-d) SEM images of the degraded bare AgNW network and GO-covered
AgNW networks with either the Dip-GO or EPD-GO facing the external environment,
captured at the end of the aging experiment reported in 3-11(a). (e) XPS S 2p scans
of the samples associated with experiment 3-11(a).

common products of silver sulfidation. [126] Similarly for Dip-GO covered AgNW

(“Dip-GO up”), peaks corresponding to Ag2S were clearly visible. This degradation

can be explained by potential small gaps between GO flakes which were previously

discussed and depicted in Figure 3-4d. On the other hand, the S 2p scan of the

AgNWs that had been covered by EPD-GO (“EPD-GO up” samples) does not exhibit

a sulfide peak expected at 162 eV, which is evidence that chemical degradation was

greatly suppressed. Instead, a signal corresponding to sulfates was detected at 168

eV, which originates not from Ag but rather from GO. This was confirmed by an XPS

scan in the S 2p and Mn 2p region performed on GO films only, which identified a

peak corresponding to MnSO4 (Figure 3-14 and Table 4.1). The residual MnSO4 is

expected since KMnO4 and H2SO4 are commonly used for Hummer’s method, the

solution-based exfoliation of GO. [81, 127] Therefore, no XPS peak related to Ag

corrosion product could be identified in the case of “EPD-GO up” samples. Also,

the larger sulfate peak observed for “Dip-GO up” samples may be a combined signal

originating from both Ag2SO4 or Ag2SO3 and MnSO4. In summary, the results show

that Ag corrosion has been prevented by the exceptional gas-barrier properties of the

seamless EPD-GO that impeded transport of corroding gas species to the underlying
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NW network. [128,129]

Figure 3-14: XPS spectra of bare EPD-GO films in the (a) S 2p and (b) Mn 2p
regions. The S 2p peak at ∼168.1 eV and the photoelectron signal detected in the
Mn 2p region suggests that MnSO4 is present on the surface of GO.

XPS Binding Energies of S/Mn Compounds
Compound Peak Observed BE (eV) Reference BE (eV) ref

Ag2S S 2p3/2 161.7 161.2 [41]
Ag2S S 2p1/2 162.7 162.3 [41]

Ag2SO3 S 2p 167.9 167.5 [126]
Ag2SO4 S 2p 168.7 168.6 [126]
MnSO4 S 2p 169.8 169.6 [130]
MnSO4 Mn 2p3/2 642 643 [131]
MnSO4 Mn 2p1/2 654 655.1 [131]

Table 3.1: Summary of XPS binding energies and reference values for S/Mn com-
pounds.

To evaluate the stability under even harsher environment, we also subjected bare

networks and doubled-side GO protected networks under 80°C and 80% relative hu-

midity for 7 days. Such a test was conducted in a similar fashion as the one reported

in Figure 3-11a, except we used a humidity chamber to have a more precise and more

reproducible control over the environment in such harsh conditions. The variation in

resistance during 7 days of storage in those conditions is reported in Figure 3-11b.

Results show that the mean sheet resistance of bare AgNWs rapidly increases by 12

times after 7 days due to high humidity that accelerates sulfidation. This is accom-

panied by increasing variation of sheet resistance within the sample, represented by
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increasing variance. In contrast, samples where Dip-GO and EPD-GO (15 nm) were

facing up demonstrated significant chemical stability even in such harsh conditions,

evidenced by a mere 2.4-fold and 1.4-fold increase in the mean sheet resistance, respec-

tively. The fact that we observe such chemical stability at high humidity conditions

even though GO is hydrophilic indicates that GO impedes the penetration of sulfuric

gas species through AgNWs, as also suggested by previous studies. [85,87]

3.5.2 Electrothermal stability

The electrical stability of an AgNW-based transparent electrode is another important

aspect of its overall robustness, particularly for transparent heater applications where

DC voltage is applied to induce high temperature by Joule heating. In particular, it

is of interest to delay and mitigate the abrupt failure experienced by AgNW-based

networks above a certain voltage, which has been well-documented in prior studies.

[69] Therefore, to fully evaluate the stability and reliability of our composite EPD-

GO/AgNW/GO electrode, we measured its electrical resistance in situ while a linear

voltage ramp (0.5 V/min) was applied. For the sake of clarity, normalization was

done with respect to each samples’ initial two-probe (2PP) resistance values. More

details about the experimental setup can be found in Appendix A.

Figure 3-15 shows that the uncoated AgNW networks’ resistance reduces slightly

with voltage up to 5 V, followed by a steeper reduction until 9.5 V, and finally di-

verges to more than ∼105 times its original resistance over the course of only ∼20 s.

The reduction of resistance can be attributed to NW junction optimization occurring

due to Joule heating. However, a more intense Joule heating at higher applied volt-

ages will lead to the catastrophic failure caused by the spheroidization of NWs due to

Rayleigh instability. [69] A recent contribution by Sannicolo et al. [51] explains the

resistance divergence by the initiation of a defect (or hot spot) induced by Joule heat-

ing, followed by the propagation of a crack parallel to the bias electrode stimulated

by the constriction of current flow to the extremities of the initial defect. This “crack”

composed of spheroidized NWs acts as an insulating region in the NW network that

causes the measured resistance to diverge.
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Figure 3-15: Resistance evolution during voltage ramp across bare NWs and EPD-
GO/AgNW/GO films with different EPD-GO thicknesses. Values are normalized
with respect to each samples’ initial 2PP resistance performance. Inset graph shows
magnified view of the main figure in the 9–13 V range. Insets are SEM cross-section
images of the two EPD-GO/AgNW/GO films used. Scale bar is 100 nm.

With EPD-GO/AgNW/GO samples, a different behavior was observed where

abrupt divergence of the electrical resistance is prevented. Figure 3-15 shows that at

the initial stages of ramping the resistance of EPD-GO/AgNW/GO linearly increases,

corresponding to the intrinsic resistivity increase of AgNWs by electron–phonon scat-

tering. [33] Unlike bare AgNW networks, the resistance does not decrease for EPD-

GO/AgNW/GO. This is further indication that the NW junctions are well-optimized

by GO encapsulation, mitigating the need for thermal treatment to further weld the

nanowires. An interesting behavior is observed as the voltage is ramped past 9.75

V. Here, the AgNW network undergoes an initial degradation as apparent from the

deviation of the curves from the initial linear trend, but unlike in bare AgNWs, a

complete loss of conductivity is prevented. Specifically, we have observed that the

failure behavior depends on the thickness of EPD-GO layer covering the NW network.

The inset of Figure 3-15 shows a close-up of the main plot in the range 9–13 V. For

100 nm thick EPD-GO, the resistance deviates from the original linear dependence
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from ∼9.75 V onward, increasing to 3 times its initial value at ∼10.5 V over the

course of ∼90 s. Interestingly, for 15 nm thick EPD-GO, the initial deviation from

the linear behavior occurs at a slightly higher voltage around ∼11 V and increases to

4 times its initial value at ∼13 V over the course of ∼240 s. Therefore, we observe

that the presence of EPD-GO slows down the initial NW failure compared to that

of bare NWs, and thinner EPD-GO coating results in a higher failure onset voltage

as well as a more gradual failure behavior. After this initial damage, both EPD-

GO/AgNW/GO samples undergo slower increase in resistance up to 20 V. Even at

20 V, the electrodes exhibited a fairly low resistance near ∼150 Ω, a 10-fold increase

from its original resistance. In the following paragraphs, we propose and discuss some

mechanisms that are most likely to be responsible for our observation.

The observed delay in the onset of electrical degradation as well as the impeded

degradation occurring in the early stages of electrical resistance increase may originate

from two main mechanisms. First, the presence of EPD-GO and Dip-GO surrounding

the NWs allows additional heat conduction pathways for the NWs, which helps dissi-

pate the power generated by Joule heating. For an uncoated AgNW network under

voltage bias, it has been demonstrated that the increase in temperature of the net-

work is counterbalanced by heat losses in the substrate via thermal conduction, while

the rest is lost via radiation and convection. [69, 132] In the case of GO-sandwiched

AgNW networks, we speculate that the presence of EPD-GO and Dip-GO surround-

ing the NWs allows additional heat dissipation pathways for the NWs. The overall

result is that AgNWs can support higher input voltage before reaching the temper-

ature at which spheroidization is supposed to occur. Second, the presence of GO

coating is also expected to slow down the AgNW spheroidization process by hinder-

ing atomic surface diffusion. For instance, it is known from previous studies that a

conformal oxide coating on AgNWs drastically reduces the surface diffusivity of Ag

atoms such that AgNW can sustain higher temperature and failure is initialized at

higher voltages. [68, 103,133]

As pointed out in Figure 3-15, the onset of failure was delayed only for the EPD-

GO/AgNW/GO film with 15 nm EPD-GO and not for 100 nm EPD-GO. This may
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be attributed to the different degrees of conformality of EPD-GO surrounding the

AgNWs according to the EPD-GO thickness. From the inset SEM images of Figure

3-15, it can be seen that the thinner GO film can wrap around a larger AgNW surface

area compared to its thicker counterpart. In general, deflections of thin membranes

under a given load will vary as 𝛿 = 𝐾𝑃/𝐸𝑡3 where 𝛿 is the deflection, 𝑃 is the

load, 𝐸 is the Young’s modulus, 𝑡 is the film thickness, and 𝐾 is a geometrical

prefactor. Although recent micromechanical studies show that the Young’s modulus of

GO nanosheets is thickness-dependent, increasing for thinner GO films, the variation

is not expected to significantly affect the strong 𝛿 ∼ 𝑡−3 dependence. For instance,

Cao et al. [134] report 𝐸 = 204 GPa for 75 nm GO and 𝐸 = 291 GPa for 24 nm GO.

Given these parameters, under a given load, the displacement of the 75 nm film will

be 20 times less than that of the 24 nm film. In our case, the load mainly originates

from the capillary force induced by water evaporation during drying of the film after

transfer. The strong influence of the thickness on the film’s ability to be deflected is

consistent with the increase in GO layer conformality over AgNW when minimizing

the GO thickness. Also, the more tightly covered the AgNWs are, the more resilient

they will be to spheroidization, which also explains the shift in the voltage failure

observed in the thinner GO case. Use of thinner EPD-GO to improve the conformality

could also minimize the observed loss in transparency. Further improvement of the

conformality could be explored through the use of hot rolling press, for instance. [135]

Finally, beyond the change in behavior observed in the early stages of degradation

(8–13 V), the slow increase in resistance observed at even higher voltages (13–20 V)

can be explained as follows. Visual inspection of the EPD-GO/AgNW/GO electrode

after completion of the voltage ramp test shows a darkened region localized at the

center where the electrical crack has been initiated (Figure 3-17), and this corresponds

to the region where maximum temperature higher than 250 °C was recorded with an

IR camera (Figure 3-16). Because of this intense heat, NWs have spheroidized to

a certain degree at this darkened area, while the NWs at the undarkened area were

relatively intact (Figure 3-17a,c). XPS analysis performed at the end of the voltage

ramp shows that this darkening is due to the partial thermal reduction of GO layers,
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Figure 3-16: (a) Average and (b) maximum temperature evolution of bare AgNW and
EPD-GO/AgNW/GO samples during voltage ramp. (c, d) Infrared camera images
of the samples at selected voltages.

as depicted in Figure 3-17 d–f and Table 4.2. The survey scan indeed indicates a

higher C/O ratio for the darkened region as well as a prominent increase in the

carbon sp2 peak in the C 1s scan. This is in line with recent heating studies of

bare GO films which show that near 170 °C graphitic domains grow in size to the

point when percolative electronic transport becomes possible, accompanied by sheet

resistance reduction by 5 orders of magnitude. [136,137] Therefore, it is apparent that

the center region of the GO coating is at least partially reduced during voltage ramp

and plays a crucial role in preventing resistance divergence by acting as an additional

current pathway. Therefore, we propose that the avoidance of resistance divergence

at higher voltages (i.e., V > 13 V) is thanks to the reduction of GO sheets acting as

an electrical bridge across spheroidized AgNW areas. In short, it can be seen that

our GO encapsulation of AgNW networks effectively acts as a buffer that prevents

breakdown at high applied voltages.
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C 1s XPS Binding Energies in eV
Moieties Darkened GO Not darkened GO Reference BE ref

C=C (sp2) 284.6 284.9 284.5 [138]
C−C (sp3) 285.3 284.9 285.5 [138]

C−O 286.8 286.9 286.5 [138]
C=O 288.2 288.3 288.5 [138]

COOH 289.3 289.3 289.5 [138]
𝜋 − 𝜋* 290.5 N/A 291 [138]

Table 3.2: Summary of C 1s XPS binding energies of GO and RGO.

3.6 Application: Semitransparent Organic Solar Cell

To validate the applicability of EPD-GO/AgNW/GO (henceforth referred to as EPD-

GO/AgNW/dip-GO), a use case was demonstrated as a top electrode (back electrode)

of a semitransparent organic solar cell (ST-OSC) through a joint effort with Sanni-

colo et al. [107] GO coating may be seen as a cost-effective solution with a twofold

function: protecting the AgNWs and acting as a device encapsulating layer when

self-integrated with the back electrode. It should be noted that while examples of

successful integration of AgNW hybridized with graphene-based materials as the front

electrode in OSCs are available in the literature, [66, 139, 140] attempts to integrate

such GO-AgNW composite structures as the back electrode in ST-OSCs are lacking

in literature.

3.6.1 Device fabrication

We fabricated OSCs with the same core stack but various back electrodes and eval-

uated the impact of the back electrode configuration on the device performance and

stability when exposed to lab atmosphere with various relative humidity (RH) val-

ues and to lab light. In each case, the core stack of the device consisted of ITO

as the front (or “bottom”) electrode, tin oxide (SnO2) nanoparticles as the electron

transport layer (ETL), a bulk heterojunction active layer comprising a polymer-donor

“PV-D4610” and a fullerene acceptor PC60BM, and PEDOT:PSS as the hole trans-

port layer (HTL). To fabricate separate pixels within a single device, spray coating

was used with a shadow mask to deposit the AgNW network, as was demonstrated in
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Figure 3-17: Characterization results for EPD-GO (15 nm)/AgNW/GO samples after
completion of the voltage ramp. SEM image of underlying AgNWs of (a) not darkened
area and (c) darkened area. (b) is the image of the film after completion of the voltage
ramp. (d) and (f) show the XPS C 1s scan of the not darkened and darkened area,
respectively. (e) show the XPS survey scan of the two areas which illustrates higher
C/O ratio for the darkened area.

Section 3.2. A complete protocol with detailed information about the materials used,

their associated deposition techniques, and the device characterization is available in

Appendix A. Three types of back electrodes were fabricated and compared: (i) a ho-

mogeneous thin silver film (100 nm) deposited by thermal evaporation, (ii) a AgNW

network deposited by spray-coating, and (iii) a AgNW network encapsulated with

GO on both sides (EPD-GO/AgNW/dip-GO). Every sample consisted of six isolated

active device pixels of 0.4 × 0.5 cm2 on a 2.5 × 2.5 cm2 glass substrate.

For devices associated with case (iii), a EPD-GO/AgNW/dip-GO structure was

fabricated beforehand according to a procedure mentioned in Section 3.2. The latter

structure could then be flipped and transferred in an IPA bath on top of the core

stack of the device. Cross-linking the PEDOT:PSS layer with (3-glycidyloxypropyl)
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trimethoxysilane (GOPS) [141] was essential to preserve the PEDOT:PSS integrity

during device fabrication that involves water and to achieve semitransparent devices

with high fill factors. A schematic of the protocol used in case (iii) is available in

Figure 3-18A. Figure 3-18B,C shows SEM images of the dip-GO/AgNW/EPD-GO

with the EPD-GO layer on top, after transfer on a glass sample.

Figure 3-18: (A) Schematics showing the fabrication and transfer step of the dip-
GO/AgNW/EPD-GO back electrode on top of the device’s core. (B) SEM images of
an EPD-GO/AgNW/dip-GO film transferred on a glass substrate in the top (B1) and
cross-section (B2) views. (C) SEM image of the final device stack (tilted view) with
EPD-GO/AgNW/dip-GO as the back electrode. Colors were added artificially. (ITO:
yellow, SnO2 nanoparticles: green, PV-D4610:PCBM: blue, PEDOT:PSS: purple,
AgNWs: gray, EPD-GO: red).

Protecting the AgNWs with GO on both sides does not negatively affect the

intrinsic sheet resistance of the AgNW networks. On the contrary, GO layers induce a

mechanical force at the junctions between nanowires which encourage interpenetration

of AgNWs, leading to a slight reduction in 𝑅𝑠ℎ, as mentioned in Section 3.4. The

dip-GO layer is ultrathin and its thickness never exceeds 2–3 nm. Such GO ultrathin

layer is used to further protect the AgNWs from the acidic PEDOT:PSS underneath.

Because unreduced GO is insulating, it is of crucial importance that the dip-GO layer
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remains ultrathin to allow Ohmic contact between PEDOT:PSS and AgNWs and to

not affect the AgNWs’ collection efficiency. [86,142] On the contrary, the EPD-GO is

not an active electrical component of the device and its thickness can be controlled

within a wider range (typically 10–100 nm) by changing the GO concentration of the

solution during the EPD-GO process. However, increasing EPD-GO layer thickness

excessively is detrimental to the transparency of the device. However, for the sake

of easy handling during the transfer step, a slightly thicker EPD-GO thickness was

systematically targeted when making devices (typically 50 nm).

3.6.2 Device performance

The device performance after fabrication is reported in Figure 3-19A for the three

back electrode configurations (along with a picture of the three types of devices).

Note that for the bare AgNW top electrode configuration, both AgNW densities were

investigated and marked as either “standard density” or “high density” depending on

the number of spray cycles (6 cycles vs. 10 cycles), and the latter condition was

used for EPD-GO/AgNW/dip-GO. The corresponding AgNW electrodes exhibited

𝑅𝑠ℎ=9 Ω/𝑠𝑞 and 𝑇550 = 75% for the "high density" AgNWs, and 𝑅𝑠ℎ=30 Ω/𝑠𝑞 and

𝑇550 = 87% for the "standard density" AgNWs.

Day 1 Solar Cell Parameters
𝑃𝐶𝐸 𝑉𝑜𝑐 𝐽𝑠𝑐 𝐹𝐹 𝑅𝑠𝑒𝑟𝑖𝑒𝑠

Back Electrode [%] [mV] [mA/cm2] [%] [Ω · 𝑐𝑚2]
Evaporated Ag 3.7 770 7.8 62 9

AgNW (Standard) 3.1 780 7.2 58 18
AgNW (High density) 3.3 781 6.8 63 15
EPD-GO/AgNW/GO 2.6 778 5.7 60 22

Table 3.3: Solar Cell Parameters of Devices Associated with the Three Back Elec-
trode Configurations (Evaporated Ag, Bare AgNW, and Dip-GO/AgNW/EPD-GO)
Directly After Fabrication.

As expected, the best 𝑃𝐶𝐸 value (3.7%, as reported in Table 4.3) is achieved for

the reference device which has a thermally evaporated Ag back electrode allowing for

a maximized optical absorption of incident photons and collection of charge carriers.
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Figure 3-19: (A) J–V characteristics of OPV devices associated with the three
back electrode configurations (e.g., silver, unprotected AgNW networks, and dip-
GO/AgNW/EPD-GO). (B) Total transmittance of the three devices associated with
the 3 J–V characteristics in (A). (C) Energy level [eV] diagram of the OPV devices
investigated in this work.

When replacing Ag with discontinuous AgNW networks, one can still achieve devices

exhibiting reasonable 𝑃𝐶𝐸 values (3.3%) close to one of the reference devices. As

compared to the reference device, the slight decrease in efficiency is mostly related

to a lower 𝐽𝑠𝑐 value (≈1 mA/𝑐𝑚2 less) and a slightly higher 𝑅𝑠𝑒𝑟𝑖𝑒𝑠 (see Table 4.3).

The lower 𝐽𝑠𝑐 value is inherent to using a transparent back electrode. Contrary to

when using an opaque electrode, the portion of non-absorbed photons cannot be re-

flected back in the active layer efficiently, inducing a certain amount of absorption

losses. [143] The slightly higher 𝑅𝑠𝑒𝑟𝑖𝑒𝑠 is because of a possible weak adhesion at the

PEDOT:PSS/AgNW interface, as well as an inherently higher sheet resistance as

compared to a continuous Ag thin film. However, given the solution-process compat-

ibility of the AgNW network fabrication responsible for minimizing the costs (which

is a key advantage in the frame of OSC technology), we consider the slight decrease
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in efficiency as acceptable.

Beyond the cost, using a AgNW-based back contact electrode allows for achieving

semitransparent organic PV (OPV) devices, which is technologically significant. The

total transmittance of every device associated with the 𝐽−𝑉 curves reported in Figure

3-19A is shown in Figure 3-19B. The device made with a AgNW back electrode exhibit

a total transmittance of 49.7% at 𝜆 = 550 nm, whereas the reference device with a Ag

back electrode is completely opaque. When using a double-sided GO encapsulated

AgNW electrode, the total transmittance is decreased to 43.2% at 𝜆 = 550 nm. Such a

difference is coherent with values discussed in Section 3.4 that protecting AgNW with

GO layers as reported here causes around 6–10% decrease in transparency depending

on the EPD-GO layer thickness.

In terms of PV performance, the device using a GO/AgNW/EPD-GO electrode

exhibited similar 𝑉𝑜𝑐 and 𝐹𝐹 values to the device with a bare AgNW back electrode.

However, its 𝐽𝑠𝑐 is decreased by around 1 mA/cm2 (Table 4.3). For the sake of

elucidating the difference observed in the 𝐽𝑠𝑐 values, the work function (Φ𝑠) of bare

AgNW and dip-GO covered electrode configuration were measured by XPS. Note that

contrary to the dip-GO layer which modifies the interface between PEDOT:PSS and

the AgNW network, the EPD-GO layer does not influence the energy balance of the

device. Φ𝑠 values for the three back electrode configurations are reported in Figure

3-19C, along with the full energy level [eV] diagram of the OPV devices investigated

in this work.

On average, the Φ𝑠 associated with bare AgNW networks was measured to be 4.1

eV, a value close to the ones reported by several other groups. [144,145] When covering

the AgNW network with a dip-GO layer (≈2–3 nm), the work function was increased

by around 0.5 eV leading to an average value of 4.6 eV. Because PEDOT:PSS exhibits

a Φ𝑠 of 4.9 eV, the observed 0.5 eV increase in Φ𝑠 of the electrode when inserting the

ultrathin dip-GO layer between the HTL and the AgNW is not detrimental to the

device energy balance and still allows for Ohmic transport of the holes.

As reported by Håkansson et al., [141] adding the GOPS cross-linker in PE-

DOT:PSS does not significantly modify the PEDOT:PSS work function. According
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to the authors, a volume ratio of 0.6% GOPS in the PEDOT:PSS films can lead to

a relative shift of ∼0.25 eV in the PEDOT:PSS work function. For 1% volume ratio

and higher, however, Håkansson et al. measured the relative shift in Φ𝑠 to be more

significant around 0.5 eV. [141] In the present contribution, the 30 wt % GOPS added

to the PEDOT:PSS corresponds to a lower volume ratio of 0.4%. Hence, the modified

HTL work function is not expected to be lower than 4.65 eV, a value still compat-

ible with Ohmic transport when in contact with a 4.6 eV dip-GO/AgNW electrode

(Figure 3-19C).

Therefore, the slight decrease in 𝐽𝑠𝑐 observed when adding the dip GO layer be-

tween the PEDOT:PSS layer and the AgNW network does not originate from any

work function mismatch that would lead to enhanced charge recombination at the in-

terfaces. In this specific case, potential morphology defects, for example, microscale

wrinkles in the dip-GO layer, created during the top electrode transfer onto the device

stack might have been the location of additional charge recombination near the PE-

DOT:PSS – dip-GO interface. Because the dip-GO layer is so thin (≈2–3 nm), such

assumption is hard to confirm with conventional nano-characterization tools. How-

ever, the slight decrease in device efficiency when adding GO can be counterbalanced

by the significant improvement in its stability and lifetime, as discussed hereafter.

3.6.3 Device stability

To evaluate the benefits of double-sided GO encapsulation around the AgNW-based

back contact electrode on the device stability, a large set of devices associated with

the three back electrode configurations was fabricated and their solar cell parameters

were measured over a period of 26 days. All devices were exposed to lab atmosphere

and lab light during the entire aging duration. The relative humidity (RH) and

temperature were automatically recorded every minute, leading to average values of

28% RH and 22 °C, respectively.

Figure 3-20A shows the averaged 𝐽𝑠𝑐 values over all the tested device associated

with the three configurations. More specifically, for the “evaporated Ag” back elec-

trode (red curves) and the bare AgNW back electrode with either standard or high
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Figure 3-20: (A) Evolution of the averaged JSC values of OPV devices with the three
back electrode configurations, measured over a period of 26 days, while stored in lab
atmosphere (22 °C, 28% RH) and exposed to lab light. (B1–B2) Evolution of the
normalized JSC and PCE values with respect to their initial value for the same set of
devices. (C) Evolution of Rseries over time for the three back electrode configurations.
(D) SEM image (tilted view) of the cross-section of a device with a bare AgNW back
electrode at the end of the aging test.

AgNW density (blue and green curves), the 𝐽𝑠𝑐 and every other solar cell parameter

were averaged over the performance of 12 devices in each case (2 samples with six

device pixels each). For the dip-GO/AgNW/EPD-GO configuration (orange curve),

they were averaged over 24 devices (4 samples with six device pixels each). The error

bars associated with curves are also reported in Figure 4A. Note that higher error bars

associated with the dip-GO/AgNW/EPD-GO device configuration originate from a

larger number of devices being tested along with a slightly less favorable and stable

probing when measuring device because of the presence of GO on top of the AgNW

networks.

𝐽𝑠𝑐 is the critical parameter for evaluating the aging behavior of the active layer

and the PEDOT:PSS layer. As expected, opaque devices with a thermally Ag back

electrode exhibits the most stable 𝐽𝑠𝑐 over time, while semitransparent devices exhibit
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either a slow or fast decrease in 𝐽𝑠𝑐. It was observed that the less covered/protected

the active layer and the PEDOT:PSS layer, the faster the decrease in 𝐽𝑠𝑐. Devices

with the bare AgNW electrode (standard density) indeed exhibits the lowest cover-

age, followed by the AgNW electrode (high density). Thanks to the GO-enhanced

coverage, the devices with a dip-GO/AgNW/EPD-GO back electrode exhibit a sig-

nificantly slower decrease in 𝐽𝑠𝑐. This is a clear evidence of the encapsulation function

offered by the GO layers.

The ratio 𝐽𝑠𝑐/𝐽𝑠𝑐,0 with 𝐽𝑠𝑐,0 as the initial short-circuit current density value is

also plotted in Figure 3-20B1. 𝑡𝑗,80 and 𝑡𝑗,50 represent the storage time when such

ratio equals 80 and 50%, respectively. On the one hand, when AgNWs were not

encapsulated with GO, 𝑡𝑗,80 and 𝑡𝑗,50 were both lower than 2 days for standard density

electrodes (blue curve). For high density electrodes (green curve), 𝑡𝑗,80 was lower than

2 days, while 𝑡𝑗,50 was around 6 days. As a consequence, unprotected AgNW networks

as the back electrode does not allow for a decent lifetime of the OPV device. On the

other hand, 𝑡𝑗,80 and 𝑡𝑗,50 associated with double-sided GO-protected AgNW back

electrode (orange curve) exceeded 11 days and 26 days, respectively, which represent

around a fivefold increase in the 𝐽𝑠𝑐 stability.

Contrary to non-protected AgNW devices which exhibited a steep slope down

in the early stages of the aging test, GO-coated AgNW devices showed very high

stability up until 5 days. However, the period of high stability was then followed by a

slow and regular decrease, at a similar rate compared to non-protected devices. Such

transition in the evolution of 𝐽𝑠𝑐 can be explained by the occurrence of a so-called

“lag-time” in the permeability of GO against gaseous species such as oxygen. For

instance, Yamaguchi et al. reported a lag-time of 100 hours for 20 nm thick GO

films, [146] in line with a the lag-time of around 5 days observed in the present case.

Interestingly, the oxygen/moisture barrier performance of GO can be further increased

when reduced as a result of the reduced interlayer distance between graphene planes,

thus clogging the preferential permeation paths. [146, 147] Given that reducing GO

is at the cost of the film transparency, reduction of the thick EPD-GO layer would

jeopardize the semitransparency of the device. Instead, reducing only the ultrathin
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dip GO layer could potentially bring additional resilience against oxygen and water

permeation without significantly affecting the optical transmittance. While out of

the scope of the present contribution, this could be seen as a promising way to take

further advantage of the versatility offered by the dip-GO/AgNW/EPD-GO sandwich

structure.

Although the evolution of the 𝐽𝑠𝑐 parameter is very relevant to get a sense of

the aging behavior of both the active layer and PEDOT:PSS layer within the device

stack, interfaces and the electrodes may also be subject to degradation. [148] 𝑅𝑠𝑒𝑟𝑖𝑒𝑠

mostly accounts for the contact resistance between the HTL and the back electrode,

as well as for the sheet resistance of the electrodes themselves. For each device

configuration, we extracted 𝑅𝑠𝑒𝑟𝑖𝑒𝑠 from the various 𝐽-𝑉 curves generated during the

aging test. The typical evolution of 𝑅𝑠𝑒𝑟𝑖𝑒𝑠 for the three back electrode configurations

is reported in Figure 3-20C. While 𝑅𝑠𝑒𝑟𝑖𝑒𝑠 remained low and exhibited an almost

negligible increase of 0.04 Ω · 𝑐𝑚2/day for opaque devices with an Ag electrode,

𝑅𝑠𝑒𝑟𝑖𝑒𝑠 increased more significantly over time for semitransparent devices. However,

such increase was almost 5 times faster for devices with unprotected AgNW back

electrode (4.8 Ω · 𝑐𝑚2/day) than for devices with double-sided GO-protected AgNW

back electrode (0.9 Ω · 𝑐𝑚2/day). The contributing factors for 𝑅𝑠𝑒𝑟𝑖𝑒𝑠 include the

resistance of AgNW network itself, interface between AgNW and PEDOT:PSS, and

the quality of the PEDOT:PSS layer itself, assuming the active layers are intact which

is typically the case for organic solar cells. Since it was shown that the quality of

AgNWs themselves remain intact by EPD-GO overcoating in Section 3.5.1., and that

it also promotes contact between AgNW and the underlying surface, it is most likely

that the degradation of hygroscopic PEDOT:PSS itself is the limiting culprit of cell

degradation for EPD-GO/AgNW/GO devices, consistent with prior literature. [149]

As shown in Figures 3-20D and 3-21A, a significant change in the morphology of

both the PEDOT:PSS front surface and AgNWs was detected after aging. The Ag-

NWs exhibited many nanoparticle-like features on their surfaces. Such aging products

are most likely Ag2S which originate from the reaction of Ag with atmospheric sulfur-

containing products, as discussed in Section 3.5.1. Such semiconducting nanoparticles
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Figure 3-21: (A1-A2) SEM images (tilted view) of the surface of a device with a
bare AgNW back electrode captured at the end of the aging test. Both PEDOT-PSS
surface and AgNWs appear to be significantly degraded. (B1-B2) SEM images (tilted
view) of the cross-section of a device with a double-sided GO-protected AgNW back
electrode captured at the end of the aging test. Delamination of the PEDOT:PSS
and above layers of the device stack occurred during the cutting process, allowing for
visualizing “inside” the device. The AgNWs exhibit no sign of degradation.

tend to increase the resistivity of individual AgNWs, leading to an increasing sheet

resistance over time and resulting in a higher 𝑅𝑠𝑒𝑟𝑖𝑒𝑠 for the device. On the contrary,

such particle-like features around the AgNWs were not visible when encapsulated

with GO (Figure 3-21B).

Additionally, we evaluated the impact of PEDOT:PSS on the degradation of Ag-

NWs by measuring the evolution of the electrical resistance of several AgNW networks,

either uncoated or coated with either bare PEDOT:PSS, GOPS–PEDOT:PSS, dip-

GO/PEDOT:PSS, or dip-GO/GOPS–PEDOT:PSS. Figure 3-22 reports the evolution

of their electrical resistance normalized against their initial resistance. Samples were

all stored in a humid environment of 80% RH, and their resistance was measured

once every day. As expected, the bare AgNW network underwent the fastest increase

in resistance, closely followed by the AgNW network coated with bare PEDOT:PSS

which underwent a 300% increase after 13 days. Such fast degradation originated

from the release of H+ ions in solution by sulfonic groups (-SO3H) of the excess PSS,
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Figure 3-22: Evolution the electrical resistance (normalized against the initial re-
sistance) of several AgNW-based networks, either uncoated or coated with either
bare PEDOT:PSS, cross-linked GOPS-PEDOT:PSS, dip-GO/PEDOT:PSS, or dip-
GO/GOPS-PEDOT:PSS. The samples were stored in humidity chamber at 80 %
RH/25°C for the entire duration of the aging test.

causing acid corrosion of AgNWs. Interestingly, when inserting a ultrathin dip-GO

layer between the AgNWs and PEDOT:PSS, the normalized resistance was barely

modified, resulting in an increase of only 20% after 13 days (Figure 3-22). This high-

lights that the insertion of the dip-GO layer is essential to preserving AgNWs from

PEDOT:PSS-induced acidic corrosion. It should be noted that the AgNW networks

coated with cross-linked GOPS–PEDOT:PSS also exhibited a good electrical stabil-

ity. We assume that the cross-linking mechanism occurring between GOPS and the

sulfonate groups of the excess PSS helps delaying significantly the release of H+ ions

responsible for the acidic corrosion of the AgNWs.

Because the 𝑃𝐶𝐸 takes all the solar cell parameters into account, the overall

increase in the device stability when adding GO can also be evaluated when plotting

the evolution of the normalized averaged 𝑃𝐶𝐸 with respect to its initial value 𝑃𝐶𝐸0

(Figure 3-20B2). For bare AgNW back electrodes, the corresponding 𝑡𝑃𝐶𝐸,50 increased

from lower than 2 days (standard density) to 5 days (high density). For double-sided
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GO protected AgNW back electrodes, 𝑡𝑃𝐶𝐸,50 went up to 26 days, which corresponds

to more than a fivefold increase.

3.7 Conclusion

By utilizing EPD and dip treatment of GO, we have developed a scalable and solution-

based processing method to fabricate resilient EPD-GO/AgNW/GO transparent con-

ductive films capable of being transferred to arbitrary substrates. Structural charac-

terization by SEM shows that the AgNW network is effectively “sandwiched” between

two GO layers, with one side covered by a seamless EPD-GO thickness as low as 15

nm and another side by 1–2 layers of GO. The GO encapsulation allows intimate

contact between individual AgNW junctions, which effectively reduces the high junc-

tion resistance down to 15 Ω/sq without relying on high-temperature annealing of

the NWs and allows electrical uniformity across the entire film. Simultaneously, the

transmittance of the film and its haziness were shown to be tunable between 70%

and 87% at 550 nm and between 3.6% and 9.2%, respectively, by simply changing the

EPD-GO thickness. Importantly, we show that the sufficient thickness and defect-

free quality of the EPD-GO film impart exceptional chemical stability to the AgNWs

by mitigating spontaneous sulfidation of Ag that leads to conductivity loss. Further-

more, in situ resistance measurements during linear voltage ramp on our films showed

that the catastrophic resistance divergence to the MΩ range which is typical of bare

AgNW networks was avoided even at a high applied voltage of 20 V. Although this

novel electrical stabilization behavior warrants further scrutiny, we believe that the

effects of delayed spheroidization of NWs by GO coating, thermal management by

heat conduction through GO, and reduction of GO are collectively responsible for the

observed behavior.

Thanks to its double-sided structure, our EPD-GO/AgNW/GO transparent elec-

trode can offer combined assets, which is favorable toward its compatibility with

various devices. On the one hand, the relatively thicker and seamless EPD-GO side

offers outstanding chemical and thermal resilience to the outside environment, making
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the electrode compatible with either high voltage, temperature, or humidity sensitive

applications such as transparent heaters or thermochromic windows. On the other

hand, the ultrathin Dip-GO layers offer improved stability while still allowing Ohmic

contact through any potential adjacent layers, making it compatible with applica-

tions sensitive to efficient charge carrier transfer or energy level matching, such as

solar cells or LEDs. Depending on the architecture of the target device, one or the

other configuration could be preferred and easily controlled during the film transfer

step.

The above idea was explored by a joint effort with Sannicolo et al., [107] where

the double-sided EPD-GO/AgNW/dip-GO TE was integrated as a back electrode

for Semitransparent Organic Solar Cells (ST-OSC). Here, the GO double-sided GO

layer, namely EPD-GO and dip-GO on opposite sides of the AgNW network, serve a

dual role in the context of ST-OSC. First, the EPD-GO layer facing the environment

is aimed at encapsulating the device, limiting water and gas penetration within the

device as well as maintaining the integrity and performance of the AgNW electrode.

Secondly, the ultrathin dip-GO layer underneath the AgNW network is facing the

inside of the device stack, preserving the integrity of AgNWs against the PEDOT:PSS

HTL as well as to minimizing the shunt. Such ultrathin GO layer does not adversely

affect the device energy balance and Ohmic transport of the holes to the electrode

is preserved, resulting in a reasonable 𝑃𝐶𝐸 of 2.6%. The device lifetime was as

measured by 𝑡𝑃𝐶𝐸,50 was increased fivefold when the AgNW-based back electrodes is

protected with GO on both sides in a sandwich-like structure.
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Chapter 4

Conformally Coated AgNW Networks

by Nanosized GO and RGO

4.1 Introduction

In the previous chapter, a method of fabricating a long-term stable TE incorporating

GO and AgNW was presented. Despite the abundance of studies along with results

shown in the previous chapter that show the ability of GO/RGO in improving the

long-term chemical stability of MNWs, enhancing their all-round stability including

thermal and electrothermal stability is a direction that has been largely unexplored.

This likely has to do with the fact that most GO/RGO coatings that have been

explored are not conformally coating the MNW networks, unlike metal oxide coat-

ings achieved through sputtering or ALD. As-obtained GO has a wide distribution of

lateral flake sizes, mainly consisting of microns-wide layers. [95] When deposited on

MNW networks, such large-sized layers cannot conformally cover the surface of the

wires, which are typically on the order of less than 100 nm in diameter. This results in

only partial protection of the MNW surface, where the uncovered surfaces of MNWs

may still be susceptible to surface atomic diffusion, leading to spheroidization under

elevated temperatures. In addition to the lack of control over the conformality of

GO/RGO overcoating, a general understanding of the relationship between its struc-

ture and its protective capabilities is still lacking despite the abundance of previous
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studies that use GO/RGO in MNW-based transparent electrodes.

In this chapter, I present an all-solution-based process towards achieving a confor-

mally coated AgNW network by size-reduced RGO. To achieve conformality, I tailored

the lateral size of our starting GO material by probe ultrasonication in order to simul-

taneously decrease their size down to orders of ∼100 nm diameter and homogenize the

size distribution. To encapsulate AgNW networks with the downsized nanoscale-GO

(nGO), I implemented a layer-by-layer (LbL) approach to controllably tune the coat-

ing thickness on AgNWs and perform a post-treatment on the obtained composite

film with a NaBH4 solution resulting in a chemically reduced R(nGO)/AgNW TE.

This process is entirely solution-based, does not require any specialized equipment,

and can be performed on both rigid and flexible substrates with arbitrary shapes and

sizes. The resulting transparent electrode conformally encapsulated by R(nGO) has

excellent optoelectronic properties, combined with enhanced thermal, electrothermal,

chemical, and mechanical stability. Overall, the newly developed process enables a

facile and industrially viable solution towards enhancing the operational stability of

metal nanowire networks when used in various applications.

4.2 Overview of the fabrication process

Figure 4-1: Schematic illustrating the fabrication process of R(nGO)𝑛/AgNW.

Figure 4-1 illustrates our all-solution process where the general GO coating step
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is as follows. After the cleaning step, the glass or polyethylene terephthalate (PET)

substrate was incubated in a poly-L-lysine (PLL) solution to provide an overall pos-

itive charge to the substrate, followed by AgNW spin coating. [25] The use of the

polycation PLL is necessary for the sequential layering of GO, as GO layers are neg-

atively charged in solution, indicated by our zeta potential measurement (-39 mV

at pH = 4). Then the AgNW-coated substrate was immersed in GO solution. The

sample was then taken out and rinsed with de-ionized water and blow-dried with ni-

trogen, leaving a mostly monolayer of GO coating the entire sample. This alternating

step of PLL incubation and GO immersion can be repeated n times to obtain a GO

overcoating with the desired thickness (GO𝑛/AgNW). In our study, we have used 𝑛

= 1∼3, but more coating cycles can be performed if desired. This coating process is

essentially a layer-by-layer (LbL) deposition, with many variations having been ex-

plored in previous works. [53,89,150] After the coating step, the entire composite film

was immersed in NaBH4 aqueous solution to chemically reduce the GO film, resulting

in R(GO)𝑛/AgNW.

Unique to our process is the size-tuning of GO, where we have reduced the flake size

of the GO sheets using probe ultrasonication in order to achieve a more conformal

encapsulation around the nanowires. The plot and inset in Figure 4-1 show the

size distribution of GO flakes probe sonicated continuously for 2 hours, as measured

by dynamic light scattering (DLS). Before sonication, as-received GO has an DLS

average size of ∼1600 nm with a wide standard deviation of 490 nm. After 2 hours

of sonication, the DLS average size of GO is significantly reduced to ∼52 nm with

a standard deviation of 18 nm, which we name nGO. Figure 4-1 shows the average

square equivalent size of GO as a function of sonication time measured by atomic

force microscopy (AFM). In line with previous studies, [151, 152] the average lateral

size undergoes a rapid reduction in the first 30 minutes along with narrowing of the

size distribution, with nGO average size of ∼100 nm. AFM-derived size of nGO

is larger than DLS-derived size, due to the fact that DLS provides the equivalent

hydrodynamic diameter rather than direct, physical measurement that AFM provides.

[152] Similar to pre-sonicated GO, nGO is also negatively charged (-35 mV at pH = 4)
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and compatible with our LbL coating scheme. Using nGO solution in our process as

described above, we have obtained nGO𝑛/AgNW and R(nGO)𝑛/AgNW. Figure 4-3a

and b are representative images of R(nGO)3/AgNW deposited on a 2.54 cm by 2.54

cm glass and a larger 5 cm by 5 cm PET substrate, respectively, and demonstrate the

versatility and scalability of our coating process. The coating process can be carried

out on a larger substrate (Figure 4-3c) as long as the size is compatible with the liquid

vessel used to hold the GO and PLL solution and may be extended to an industrially

relevant roll-to-roll process. [153] The complete details regarding sample preparation

and characterization are presented in Appendix B.

Figure 4-2: Size change of GO with sonication time measured by Atomic Force Mi-
croscopy (AFM)

4.3 Structural Characterization

The effectiveness of a protective coating layer is directly related to its structural and

physicochemical characteristics. Therefore, we have characterized the film thickness,

chemical properties, and the degree of conformality of the R(nGO)𝑛 film. The thick-

ness variation of R(GO)𝑛 and R(nGO)𝑛 films as a function of coating cycle 𝑛 measured

with AFM demonstrates the controllability of our process. From Figure 4-4a, it can

be observed that the thickness of nGO and, in turn, R(nGO) increases in a linear
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Figure 4-3: Representative image of R(nGO)3/AgNW fabricated on a (a) 2.5 cm by
2.5 cm glass, (b) PET substrate, and (c) on a 7.5 cm by 7.5 cm glass substrate

manner with n up to 3, consistent with other studies that employ an LbL-type coat-

ing scheme. [53] Regular-sized GO and RGO were observed to follow a similar trend

(Figure 4-4b). The smaller thickness of R(nGO)𝑛 films compared to (nGO)n films is

due to the loss of functional groups, and water molecules present between GO layers

upon chemical reduction by NaBH4, leading to reduced interlayer spacing. [154]

X-ray Diffraction (XRD) results (Figure 4-5a) indeed suggest a reduced interlayer

spacing of R(nGO). The calculated interlayer spacing was 1.02 nm for nGO films and

0.39 nm for R(nGO). Similar values were observed for GO and R(GO) samples as well

(Figure Figure 4-5c). It should be noted that the interlayer spacing of our GO film

was slightly larger than that of vacuum filtered GO films (∼0.88 nm) [95], but this is

expected since our films are composed of bilayers of GO sheets and PLL. The effect of

chemical reduction by NaBH4 was also probed by X-ray photoelectron spectroscopy

(XPS) results (Figure 4-5b,d) which show the successful removal of oxygenated func-
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Figure 4-4: (a) Variation of nGO and R(nGO) thickness according to the number of
coating cycles performed. (b) Variation of GO and R(GO) thickness according to the
number of coating cycles performed.

tional groups. For R(nGO), the peak areas of C-O and C=O groups are dramatically

reduced relative to C-C/C=C peaks, showing the successful removal of oxygenated

functionalities at the edge and basal planes of the GO sheet. Thermogravimetric

analysis (TGA) also indicates a difference between the unreduced and reduced GO,

where the weight loss experienced by the former is due to loss of moisture and oxygen

functionalities (Figure 4-5e). These results explain the reduced interlayer spacing and

suggest modification of surface chemistry and hydrophilicity, which heavily influences

the stability of underlying AgNWs, as will be described in subsequent sections.

To examine the microstructure of our film and assess the degree of conformality

around the AgNWs, we performed SEM on R(GO)/AgNW and R(nGO)/AgNW. Fig-

ure 4-6a-d shows the cross-section and tilted-angle SEM images of R(GO)/AgNW and

R(nGO)/AgNW. It should be mentioned that while only one coating cycle was used

for tilted-angle imaging, three coating cycles were necessary for cross-section imaging

due to the ultrathin nature of R(GO) and R(nGO) sheets. The flakes are seen to

uniformly cover the entire area for both R(GO) and R(nGO), but a significant differ-

ence in conformality is apparent when examining the cross-section. In Figure 4-6a,

the R(GO) is in contact with only the two top faces of the pentagon-shaped AgNW,

while in Figure 4-6c, R(nGO) is seen to cover all four faces of the AgNW except for

the face in contact with the substrate. The difference in conformality is also seen
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Figure 4-5: (a) X-ray diffraction (XRD) spectra and (b) C 1s X-ray photoelectron
spectroscopy (XPS) scan of nGO and R(nGO) films. (c) and (d) are respective results
for GO and R(GO) films. (e) Thermogravimetric analysis (TGA) of GO and RGO
performed in air (6°C/min)

in the tilted-angle images (Figure 4-6b, d), particularly near AgNW junctions where

R(GO) is seen to be hanging without directly contacting the substrate or the AgNW,

in contrast to R(nGO). It should be noted that the difference in conformality is caused

primarily by differences between coating GO versus nGO before performing the chem-

ical reduction, judging from similar conformality difference between GO/AgNW and

nGO/AgNW. While monolayer GO is intrinsically flexible enough to bend around the

AgNW facet, [155] its large size compared to the circumference of the AgNW (∼300

nm) causes significant interaction with the substrate surface during its deposition
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Figure 4-6: SEM cross-section and tilted-angle images of (a, b) R(GO)/AgNW and
(c, d) R(nGO)/AgNW films.

that effectively ‘pins’ the GO sheet, preventing it from completely wrapping around

the AgNW. In contrast, the improved conformality of nGO is attributed to the fact

that its size is below the circumference of the AgNWs and is small enough to cover

the sides of the nanowires without being pinned on the substrate.

4.4 Electrical and Optical Properties

The optoelectronic performances of R(nGO)𝑛/AgNW and R(GO)𝑛/AgNW as trans-

parent electrodes were characterized by UV-vis spectroscopy and 4-point probe (4PP)

measurements. Figure 4-7a shows the total transmittance spectra of our films in the

wavelength range of 300-800 nm along with that of bare, uncoated AgNWs. For all

measurements, the contribution from the underlying glass substrate is removed, and

the areal mass density of the AgNW was kept the same for all samples. It can be
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Figure 4-7: (a) UV-vis spectra and (b) Sheet resistance measurements of bare AgNW,
R(GO)𝑛/AgNW, and R(nGO)𝑛/AgNW films. Inset of (b) shows a magnified view of
the same plot.

seen that the transparency of the film decreases with the increasing number of coat-

ing cycles, in agreement with increasing thickness of the RGO or R(nGO) with cycle

number 𝑛. Furthermore, the transmittance spectra did not depend on whether RGO

or R(nGO) was being used. The bare AgNW network has a transmittance of 97.6%

at 550 nm, and after coating cycle number 𝑛 = 1, decreases to 92.2% transmittance.

Subsequent coating cycles result in approximately 88.4% and 85% transmittance at

550 nm for 𝑛 = 2 and 𝑛 = 3, respectively. We note here that such loss in transmit-

tance loss is compensated by the significant gain in stability, as will be discussed in

subsequent sections.

Figure 4-7b shows the mean sheet resistances and their standard deviations of

our samples measured by the 4PP method on five different locations within the 2.5

cm by 2.5 cm sample. Uncoated bare nanowires had a sheet resistance of 41 Ω/sq

with a standard deviation of 3.9 Ω/sq. This relatively high resistance and varia-

tion within the sample is typical of as-prepared MNW-based transparent electrodes,

due to the high nanowire-to-nanowire junction resistance. [27] In our R(GO)𝑛/AgNW

and R(nGO)𝑛/AgNW samples, a significantly reduced sheet resistance of around 17.5

Ω/sq was observed for all 𝑛, and the variation within the sample was also significantly

reduced compared to bare AgNWs (standard deviation reduced to ∼1 Ω/sq). This is

a ∼57% reduction in sheet resistance and 74% reduction in its standard deviation.

These improvements can be explained by the tight binding of the AgNW junctions
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to lower their contact resistance thanks to the RGO or RnGO overcoating. [85] It

should be noted that thicker RGO or RnGO did not have a meaningful effect on the

sheet resistance, possibly due to the fact that our RGO/RnGO shows very high resis-

tance (∼100 kΩ/sq) compared to AgNWs so that co-percolation effects [156] between

RGO/RnGO and AgNW can be ignored. This means sheet resistance is primarily

governed by the areal mass density of AgNWs in our materials. Nevertheless, increas-

ing the number of coating cycles did result in a slight improvement in reducing the

sheet resistance variation within the sample. For instance, the standard deviation

decreased from 1.3 Ω/sq for R(nGO)1/AgNW to 0.5 Ω/sq for R(nGO)3/AgNW. The

favorable role of fully solution-processed RGO or RnGO coating in improving the

sheet resistance of AgNW networks holds technological significance as high tempera-

ture annealing typically required to lower the nanowire junction contact resistance is

not compatible with flexible plastic substrates.

4.5 Stability Characterizations

4.5.1 Thermal Stability

Figure 4-8: Schematic of the in situ thermal ramp test setup

In order to assess the thermal stability of AgNW coated by 𝑛 layers of GO, nGO,

RGO, and R(nGO) we employed an in-situ thermal ramp technique as described in

Figure 4-8, in which the conductive film is placed in a quartz tube furnace, and the

resistance is measured simultaneously as the temperature is linearly ramped up from

room temperature at a fixed rate of 6°C/min. During heating, the current is supplied
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at a minimum level to measure the resistance in order to prevent Joule heating and

purely examine the thermal stability of the material being examined. In order to

quantitatively assess irreversible degradation, we define the degradation parameter 𝜈

as:

𝜈 =
𝑅

𝑅0

− (1 + 𝛽∆𝑇 ) (4.1)

where 𝑅 is the resistance at a given temperature 𝑇 , 𝑅0 is the initial resistance,

𝛽 = 3.8 × 10−3 𝐾−1 is the temperature coefficient of resistivity for bulk Ag, and

∆𝑇 = 𝑇 − 𝑇0 where 𝑇0 is the initial temperature. While lower 𝛽 values have been

reported for AgNWs, [157] the bulk value was still used for simplicity since it has little

quantifiable impact close to the point of failure where 𝑅/𝑅0 diverges. Therefore, 𝜈

expresses the normalized resistance while taking into account the resistance increases

with temperature for metals, and 𝜈 > 0 corresponds to an irreversible increase in film

resistance due to thermally-induced degradation.

Figure 4-9a-b shows thermal ramp curves for Bare AgNW, GO𝑛/AgNW, and

(nGO)𝑛/AgNW. Bare AgNW networks start to undergo irreversible degradation from

160°C, where a rapid increase in 𝜈 is observed. The measurements indicate that for

GO coating, increasing the thickness from 𝑛 = 1 to 5 did not result in a meaningful

delay in failure temperature compared to Bare AgNWs. For nGO coating, increasing

the thickness of the coating resulted in a delayed failure behavior (smaller rate of

increase in 𝜈), where more delay was observed for thicker coatings. Nevertheless, the

onset of degradation described by the point at which 𝜈 begins to increase above 0 is

not modified. This means that the kinetics of AgNW surface diffusion that leads to

fragmentation is not truly slowed down.

Figure 4-9c shows thermal ramp curves for Bare AgNW and R(GO)𝑛/AgNW.

R(GO)1/AgNW show increased thermal stability compared to bare nanowires since

degradation starts near 190°C. However, increasing the number of layers of R(GO)

does not significantly impact the onset of degradation, although it was observed that

the rate of degradation was slowed down when 𝑛 = 3. In contrast, when using nGO
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Figure 4-9: Resistance measured in situ for (a) (GO)𝑛/AgNW (b) (nGO)𝑛/AgNW
(c) R(GO)𝑛/AgNW and (d) R(nGO)𝑛/AgNW during a thermal ramp of 6°C/min.

to form a conformally coated R(nGO)𝑛/AgNW, delay of the degradation onset tem-

perature was observed with increasing coating layers. Figure 4-9d shows that for 𝑛

= 1, the degradation onset occurs near 200°C, similar to R(GO)-capped samples.

However, for 𝑛 = 2 and 3, the degradation onset occurs at increased temperatures.

Figure 4-10 plots the mean degradation temperatures and standard deviations for five

samples of each coating type under thermal ramp and clearly shows the impact of

R(nGO) coating on improving the thermal stability of AgNWs. For convenience, we

have defined the degradation temperature to be the temperature at which 𝜈 = 2. As

can be seen, the degradation temperature increases at a greater slope with increasing

R(nGO) coating thickness than for R(GO), indicating that the conformally coated

R(nGO) has a more significant effect of protecting the wires. The most thermally
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stable sample was R(nGO)3/AgNW with a degradation temperature of 300°C, indi-

cating an enhancement of the thermal limit by ∼130°C compared to untreated bare

AgNWs. In summary, our thermal ramp experiments suggest that a coating that is

conformal and thick enough is needed to increase the thermal stability of AgNWs,

which is a similar result observed for ALD-deposited metal oxide coatings. [68]

Figure 4-10: Summary of thermal ramp studies where the average temperature at
which 𝜈=2 are shown for all samples tested.

To further elucidate how the coating conformality influences thermal stability, we

examine the origin of thermal instability in a MNW network. Two types of morpho-

logical instabilities must be considered, the first of which is the thermal instability of

individual MNW segments. This instability results from their tendency to evolve into

discontinuous rows of spheres under high temperature, known as Rayleigh-Plateau

instability. [49] The thermodynamic driving force of such spheroidization is the min-

imization of total surface energy, while the kinetics of the morphological transition

is primarily governed by the NW surface atomic diffusion, which must be delayed to

increase the temperature at which spheroidization occurs. The second type of mor-

phological instability in a MNW network occurs due to Capillarity-induced surface

diffusion [158] at the MNW junction where two or more wires form a physical contact.

The surface atomic flux 𝐽𝑠 in this case is given as
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𝐽𝑠 = −𝐷𝑠(𝑇 )𝛾Ω
2/3

𝑘𝐵𝑇
∇𝑠𝜅 (4.2)

where 𝐷𝑠(𝑇 ) is the temperature-dependent surface diffusion coefficient, 𝛾 is the

surface tension, Ω is the atomic volume, 𝑘𝐵 is Boltzmann constant, 𝑇 is tempera-

ture, and ∇𝑠𝜅 is surface curvature gradient. Thus, the negative surface curvature

at the contact point between wires drives atomic surface diffusion towards the junc-

tion, which first fuses and eventually spheroidize to disconnect from the wire seg-

ments. It is important to note that for networks of NWs, the morphology evolution

and disconnection at the interwire junction occurs at lower temperatures than the

spheroidization of single wire segments, as has been shown by recent Kinetic Monte

Carlo (KMC) [159] and phase-field models of NW junctions. [160] Therefore, the key

to preserving the NW network resistance upon heating is to delay surface diffusion at

the junction through conformal encapsulation. Since it has been shown in previous

studies that graphene in conformal contact with a metal surface suppresses morpho-

logical evolution by lowering 𝐷𝑠(𝑇 ), [161] a similar effect is expected to take place

with a conformal RGO coating on AgNWs.

In this regard, the superior thermal stability demonstrated by R(nGO)/AgNW

samples is explained by evaluating coating conformality at the NW junction. Figures

4-11a-b show AFM images of R(GO) and R(nGO)-covered AgNW samples at a two-

wire junction, where the dashed lines correspond to where the topography profiles

were taken. The corresponding profiles are shown in Figure 4-11c, which clearly

indicates the junction is much more conformally covered for the R(nGO)/AgNW,

evident from the less steep topography of R(GO)/AgNW. This is due to the fact

that larger R(GO) sheets are hanging across the substrate surface and the top of

the NW junction, leaving much of the side surfaces of the AgNWs near the junction

uncovered. This will lead to a relatively unhindered surface atomic diffusion and

earlier fragmentation occurring at the junction for R(GO)/AgNW. Figure 4-12a-b

shows SEM images of R(GO)3/AgNW and R(nGO)3/AgNW samples taken out at

300°C during a thermal ramp and clearly exhibits a difference in terms of AgNW
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Figure 4-11: AFM images taken on a AgNW junction for (a) R(GO)/AgNW and (b)
R(nGO)/AgNW sample. (c) Height profiles along the dashed lines.

morphology. For R(GO)3/AgNW, nearly all NW junctions have disconnected due to

the agglomeration of Ag at the junction. In contrast, the extent of morphological

evolution appears significantly less pronounced for R(nGO)3/AgNW, although some

junction disconnections are observed. This is direct evidence that demonstrates the

superior ability of R(nGO) in enhancing the thermal stability of the underlying AgNW

network through conformal encapsulation.

4.5.2 Electrothermal Stability and Transparent Heater Appli-

cation

The electrothermal stability of an AgNW-based transparent electrode is another cru-

cial measure of its overall robustness, particularly for transparent heater applications

where DC voltage is applied across the terminal to induce Joule heating. [162] One of

the most straightforward methods to gauge the electrothermal stability of a AgNW
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Figure 4-12: SEM images of (a) R(GO)3/AgNW and (b) R(nGO)3/AgNW taken out
at 300°C during a thermal ramp.

Figure 4-13: Schematic of a in situ voltage ramp/plateau test setup

network is to subject it to a linear voltage ramp until irreversible damage occurs.

Previous studies have employed in situ monitoring of the resistance change and heat

profile dynamics of the AgNW network under a linear voltage ramp. [45, 51, 69] In

a typical setup, a sourcemeter unit is used to collect the resistance (current) values

simultaneously with voltage application, and an infrared camera is used to capture

the temperature profile in real-time (Figure 4-13). We have used the same technique

to R(nGO)𝑛/AgNW and R(GO)𝑛/AgNW films using a linear voltage ramp rate of

1V/min.

Figure 4-14a shows the result of the voltage ramp experiment where the change in

resistance is plotted as a function of increasing voltage, and Figure 4-14b shows the

corresponding maximum temperature of the sample tracked with an IR camera. For

bare AgNWs, the resistance is seen to increase steadily with increasing temperature
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Figure 4-14: (a) Resistance and (b) maximum temperature measured in situ for
bare AgNWs, R(GO)3/AgNW and R(nGO)3/AgNW during a linear voltage ramp of
1V/min. (c) Log-scale figure of voltage ramp shown in (a) showing kΩ divergence

until 10V, then encounters a plateau until 12.5V, followed by a rapid divergence to the

>kΩ range (Figure 4-14c). This resistance divergence is also apparent from an abrupt

reduction in Joule heating due to the network no longer being able to sustain a current

load (Figure 4-14b). A resistance plateau during a voltage ramp can be attributed to

NW junction sintering occurring due to Joule heating and a reduction in the ‘true’

network resistance. The occurrence of resistance divergence at even higher voltages

can be explained by the initiation of hot spots induced by Joule heating, followed

by the propagation of the hot spots in the direction orthogonal to the current flow

direction, consistent with a previous study. [51] The propagation of a hot spot leaves

behind a trail of spheroidized or disconnected NWs unable to carry current. This

‘crack’ composed of spheroidized NWs that acts as an insulating region within the

NW network causes the measured resistance to diverge. Therefore, it is apparent
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that localized hot spots that form during intense Joule heating cause disconnection

and eventual spheroidization of AgNWs due to thermal instability modes identical to

those discussed in the previous section.

Figure 4-15: Temperature profiles taken with an infrared camera during a linear
voltage ramp of 1V/min

Contrary to bare AgNWs, divergence of resistance is avoided for R(GO)3/AgNW

and R(nGO)3/AgNW (Figure 4-14a). However, R(GO)3/AgNW undergoes an irre-

versible degradation above 16V, while such degradation was not observed for R(nGO)3

coated AgNW even at 20V, which was the voltage limit of our sourcemeter. The dif-

ference between the two samples can also be seen in Figure 4-14b, where the slope of

increasing maximum temperature with voltage for R(GO)3/AgNW is reduced above

16V, unlike for R(nGO)3/AgNW. Furthermore, infrared snapshots taken for the two

samples at different voltages during linear ramp clearly shows the differences between

the two samples (Figure 4-15). A hotspot propagates across the sample forming a

‘crack’ in the AgNW network for R(GO)3/AgNW while R(nGO)3/AgNW remains

intact. Similar to the thermal ramp results (Figure 4-9c, d), we note a thickness de-

pendence on the observed electrothermal stability. Figure 4-16a-d shows the voltage

ramp results for thinner RGO and R(nGO) coated AgNWs where 𝑛 = 1 and 2, which

shows that the onset of failure occurs at a reduced voltage than for 𝑛 = 3, but in

all cases, R(nGO) coated AgNWs experienced a delayed failure compared to R(GO)

samples. The observed electrothermal stability difference between the two samples
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with the same thickness is attributed to the improved thermal stability of more con-

formally encapsulated R(nGO)𝑛/AgNW samples, as discussed in the previous section.

That is, conformally wrapped AgNW junctions are better able to resist morphology

evolution and disconnection even under intense Joule heating.

Figure 4-16: In situ resistance and maximum temperature evolution during a linear
voltage ramp of 1V/min for (a), (b) 𝑛 = 1 and (c), (d) 𝑛 = 2

The superior electrothermal stability of R(nGO)3/AgNW is directly related to the

operational stability when used as transparent film heaters. This was made evident

through the voltage plateau experiments, where the results are shown in Figure 4-

17a. The samples were subject to constant voltage plateaus at 2 V, 5 V, 8 V, 11 V,

and 14 V for 15 minutes each and back down to 2 V following the same sequence

in reverse order. It was observed that bare AgNWs’ ability to sustain Joule heat-

ing was completely lost as soon as 11 V was applied due to failure. At the 14 V

plateau, R(GO)3/AgNW does not completely fail, but the temperature decreases by

almost 30°C rather than maintaining a steady-state temperature. This indicates an
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Figure 4-17: (a) Maximum temperature recorded during a voltage plateau experiment
where each voltage was applied continuously for 15 minutes each. (b) Comparison of
R(nGO)3 with other coatings for AgNWs reported in literature in terms of transparent
heater performance. Triangular labels represent coatings attained by an all-solution
process at room temperature. All references for the devices shown are listed in Table
B.1, Appendix B, along with heater test methods.

irreversible resistance increase and is also apparent from the decreased temperature

when descending in voltage plateau compared to when ascending in voltage plateau.

On the other hand, R(nGO)3/AgNW is able to sustain constant Joule heating at

14 V corresponding to a steady-state temperature of 275°C, and even undergoes a

slight increase in temperature since a reduction in resistance due to AgNW junc-

tion sintering has likely occurred. During descending plateaus, the temperature of

R(nGO)3/AgNW was higher compared to values at the same voltages measured dur-

ing ascending plateaus, again due to reduction in the AgNW network resistance. In

summary, the superior thermal stability of conformally coated R(nGO)3/AgNW di-

rectly translates to its excellent electrothermal (Joule heating) stability. Overall, a

higher maximum temperature and increased reliability during continuous heater op-

eration are achieved for R(nGO)-coated AgNWs. A brief literature survey of trans-

parent heaters based on coated AgNW networks (Figure 4-17b) indicates that our

R(nGO)3 coated on AgNW demonstrates a superior maximum temperature at the

same transmittance compared to other coating types. It is noteworthy that while our

coating process is all-solution based and carried out at room temperature, it surpasses

heater performance attained by methods such as sputtering, ALD, and CVD.
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4.5.3 Chemical Stability

Although it was observed that R(nGO) could provide significantly improved thermal

and electrothermal (Joule heating) stability, it should also be able to provide pro-

tection against chemical and mechanical degradation to enable a broader application

that requires long-term reliability. It is well known that for silver, sulfidation rather

than oxidation is the dominating mechanism of long-term atmospheric corrosion and

is more commonly known as the underlying cause of silver tarnishing. [42] Sulfidation

of AgNW has been attributed to trace sulfur compounds in the atmosphere, such

as H2S and OCS, which react with Ag in the presence of surface-adsorbed water to

form Ag2S nanoparticle-like features. [41, 43] The Ag2S particles are semiconducting

and grow at the expense of Ag, causing the resistivity of AgNW to increase signifi-

cantly over time. Therefore, a suitable protective barrier for AgNWs should hinder

the transport of sulfuric gas species and minimize the adsorption of moisture.

Figure 4-18: Long-term resistance evolution of (a) bare AgNW, R(GO)𝑛/AgNW and
R(nGO)𝑛/AgNW and (b) (GO)𝑛/AgNW and (nGO)𝑛/AgNW stored under 80°C and
80% relative humidity.

We have evaluated the chemical resilience of R(GO) and R(nGO)-covered AgNW

electrodes by measuring their resistance evolution over a period of 10 days under

atmospheric storage in 80% relative humidity and 80°C in order to accelerate the

degradation process. Figure 4-18a shows the variation of resistance normalized by

their respective initial values. All samples had the same size and the same nanowire
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density, and their aging process was carried out simultaneously. Bare AgNWs un-

derwent a resistance increase by 3.5 times within 10 days of storage. In contrast,

all of the R(GO)/AgNW and R(nGO)/AgNW samples’ resistance change was not as

pronounced as bare AgNWs, in agreement with previous reports. [46, 91] For both

R(GO) and R(nGO)-based samples, the initial resistance was better preserved with

increasing thickness, with final resistance being 1.6 and 1.7 times that of initial val-

ues, for R(GO)3/AgNW and R(nGO)3/AgNW, respectively. We have imaged the

degraded AgNWs at the end of the 10-day storage, as shown in Figure 4-19. To fully

visualize the AgNWs under the coating, we applied a double-sided conductive tape

to the sample, then peeled and flipped it upside down to uncover the AgNW surface

(Figure 4-19). As the images show, nodular features were evident on bare AgNW

surfaces, indicating the formation of Ag2S. [41] AgNWs that had been covered by

R(GO)3 and R(nGO)3 show no such feature, which attests to their excellent barrier

properties.

Figure 4-19: SEM images showing the exposed AgNWs of degraded samples taken
out after 10 days.

For all thicknesses, R(GO)-covered AgNWs were observed to have slightly better

stability compared to R(nGO)-covered AgNW, although the difference between the

two was not significant for each 𝑛. Although the diffusion length through the layered
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structure of a R(GO) film should be significantly longer than for a R(nGO) film con-

sidering an order of magnitude difference in average flake size, the trend of increasing

resistance over time was primarily similar for both R(GO) and R(nGO)-based films

for a given thickness. This means that for reduced GO films, the barrier properties

against gas or moisture exhibit very little size dependence, in agreement with a previ-

ous study by Su et al. [128] which observed that chemically reduced GO is practically

impermeable against moisture or gas penetration with no dependence on flake size.

Zhang et al. [163] also found little difference in relative resistance increase between

when AgNW was covered by small RGO sheets or large RGO sheets, although the

sizes compared were much larger than our study (45 𝜇m vs. 500 𝜇m).

The observed excellent barrier properties of R(GO) and R(nGO) originate from

their collapsed interlayer spacing which leaves no space for the transport of water or

other molecules. This is in contrast with GO before chemical reduction, where free

permeation of water occurs via a network of GO capillaries filled with one or two

monolayers of water. Our XRD results have indeed shown that the interlayer spacing

for R(nGO) (0.39 nm) approaches that of graphite, [83] while that of GO is much

wider (1 nm) (Figure 4-5a,c). This is further illustrated by the fact that (GO)𝑛 and

(nGO)𝑛 covered AgNWs degraded much more severely compared to their reduced

counterparts (Figure 4-18b). In particular, we have observed that (nGO)𝑛/AgNW

undergoes a more rapid degradation than bare AgNWs, which suggests that nGO

coating causes the AgNW surface to be saturated with water creating a favorable

environment for rapid sulfidation.

4.5.4 Mechanical Stability

Finally, the mechanical stabilities of R(GO)3/AgNW and R(nGO)3/AgNW coated

on 125 𝜇m thick PET were evaluated for potential applications in flexible electronic

devices. AgNW-network-based films demonstrated superior mechanical stability over

continuous ITO thin films, in agreement with previous studies. [37] Figure 4-20a shows

the percent resistance change (∆𝑅/𝑅0) as a function of bending radius 𝑟 (setup as

shown in the inset). The bending radius 𝑟 and nominal strain 𝜖 acting on the thin
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film on top of the substrate with thickness ℎ are related as 𝜖 = ℎ/2𝑟. [54] ITO on PET

shows a steep increase in resistance around 𝑟 = 6.5 mm or 𝜖= 1.5%. This is expected

due to the brittle nature of the ITO thin film that causes the formation of cracks

during straining. [8] On the other hand, bare AgNWs show a significantly reduced

change in resistance upon bending, reaching only 3.25% change in resistance around

𝑟 = 4 mm (𝜖= 1.5%). The excellent flexibility is thanks to the ability of the AgNW-

network to simply stretch the network rather than straining the individual wires.

AgNWs can reorient themselves in response to applied tensile strain before individual

nanowires are strained and break. Nevertheless, the 3.25% change in resistance upon

bending for bare AgNWs is not entirely negligible, indicating that the reorientation

of AgNWs upon straining causes the contact between nanowire junctions to become

loose. [164] Interestingly, we have observed that the change in resistance is reduced

to 1.25% and 1% at the same bending radius of 𝑟 = 4 mm when coating with R(GO)

and R(nGO) layers, respectively. This is possibly due to the R(GO) and R(nGO)

overcoating layer improving the interwire contact and AgNW-substrate adhesion,

helping the AgNW-AgNW contact quality to remain intact under strain.

We have also subjected the samples to bending fatigue tests, as shown in Figure

4-20b. Each AgNW-based sample was subject to the same bending cycle from an

unbent state to a bending radius 𝑟 = 4 mm (𝜖= 1.5%) for 1200 cycles at a fixed

bending rate. For bare AgNWs, it was observed that the resistance increases rapidly

for the first 100 cycles to ∼7% and follows a slower trend to reach 12.5% increase at

the end of 1200 cycles. The rapid increase in resistance during the early stage followed

by a slower rate of increase is in agreement with bending fatigue tests conducted

on AgNWs by a previous study [165], and is related to the irreversible nanowire

junction contact upon repeated bending cycles. In contrast, for R(GO)3/AgNW

and R(nGO)3/AgNW, a significantly improved fatigue resistance compared to bare

AgNW was observed. Both R(GO)3/AgNW and R(nGO)3/AgNW on PET exhibited

only a ∼3% increase in resistance after 1200 bending cycles. Throughout the bending

fatigue test, R(nGO)3/AgNW, in particular, demonstrated a slightly smaller variation

in resistance between the unbent and bent state compared to R(GO)3/AgNW, which
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Figure 4-20: (a) Change in resistance (∆𝑅/𝑅0) of ITO, bare AgNW, R(GO)𝑛/AgNW
and R(nGO)𝑛/AgNW on PET as a function of bending radius. Inset shows the
bending test setup indicating the bending radius. (b) Change in resistance of above
samples during 1200 bending cycles to a bending radius of 𝑟 = 4 mm.

is in line with observations made in Figure 4-20a. While similar results were also

observed by previous studies that employed graphitic coating layers with unoptimized

conformality [91,140], our measurements indicate that a conformal R(nGO) coating is

an effective resistance stabilizer for AgNW networks under repeated straining cycles.
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4.6 Cost Analysis of the Process

One of the main merits of the process introduced in this chapter is its potential to

be translated into large-scale manufacturing, specifically through roll-to-roll (R2R)

manufacturing. [153] For instance, initial AgNW coating and nGO LbL deposition

cycles can be performed in a continuous manner by mayer rod coating and sequential

liquid immersion, respectively. The final reduction step using a reducing agent can be

performed in a similar immersive manner. A schematic of this hypothetical R2R setup

is shown in Figure 4-21. In this section, a basic cost analysis regarding the process to

fabricate R(nGO)𝑛/AgNW is presented, following closely a similar analysis performed

by Sandstrom and Edman for the R2R fabrication of Light Emitting Electrochemical

Cells. [166]

Figure 4-21: A schematic of a hypothetical R2R production of R(nGO)3/AgNW on
PET. Diagrams are not to scale.

Three process cases are compared to quantify the cost of R(nGO)3/AgNW:

Case A. Low-volume batch processing involving spin coating of GO

Case B. Low-volume batch processing involving LbL process used in this study

Case C. Large-volume R2R fabrication based on LbL process
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Not considering the process yield, the total cost to produce a unit area (m2) of

R(nGO)3/AgNW on PET films can be roughly broken down into the materials cost,

capital expenditure (CAPEX) and processing cost [166]:

𝐶𝑜𝑠𝑡𝑇𝑂𝑇𝐴𝐿 = 𝐶𝑜𝑠𝑡𝐶𝐴𝑃𝐸𝑋 + 𝐶𝑜𝑠𝑡𝑀𝐴𝑇 + 𝐶𝑜𝑠𝑡𝑃𝑅𝑂𝐶𝐸𝑆𝑆 (4.3)

4.6.1 CAPEX

Different equipment are required for each production cases, which are outlined in

Table 4.1. For Cases A and B, the main difference is the process to coat GO. As a

representative lab-scale technique, spin coating is used for GO for Case A, while a

more scalable LbL method is used for Case B (identical to the process introduced

in this chapter). For both cases, spin coating is used to coat AgNW. For Case C,

we assume that a R2R apparatus is used to coat AgNW and GO continuously, and

industrial grade sonicators capable of processing up to 20L of liquid are used. The

CAPEX for each case is calculated as a per week basis, assuming a 10 year depreciation

period (52 weeks per year). (Table 4.1)

CAPEX
Equipment Cost ($) Case A Case B Case C

Probe sonicator (lab) 3,369 1 1 0
Bath sonicator (lab) 1,130 1 1 0

Probe sonicator (industrial) 14,000 0 0 1
Bath sonicator (industrial) 5,000 0 0 1

Scale 1,500 1 1 1
Spin coater 5,000 1 1 0
Drying oven 2,500 1 1 1

R2R apparatus 150,000 0 0 1
Total cost ($) - 13,499 13,499 173,000

Cost per week($) - 25.96 25.96 332.69

Table 4.1: Summary of CAPEX associated with cases A, B and C.

The prices of each equipment are only estimates based on a survey of popular man-

ufacturers. Especially, a R2R apparatus can be customized, and its price ranges from

$20,000 from $500,000. We choose $150,000 as a representative price as a commonly
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encountered price for pre-customized large-scale R2R apparatus. It is noted that the

cost of using laboratory space or factory floor is not explicitly taken into account, due

to lack of reliable information. Nevertheless, this basic first-order Capex estimation

already shows that the initial equipment installment cost is an order of magnitude

higher for Case C compared to lab-scale production, which is compensated by the

very low processing cost, as will be shown in subsequent sections.

4.6.2 Materials Cost

Materials Cost
Material Manufacturer Price ($) Unit size Unit price

PET Alibaba vendor 750 3623.2 m2 0.21 $/m2

Graphene Oxide Graphenea 1430 100 g 5.72 $/g
poly-L-Lysine (0.1%) Alibaba vendor 13 25 mg 0.52 $/ml

AgNW in-house - - 11.81 $/g
NaBH4 Sigma-Aldrich 415 500 g 0.83 $/g

Table 4.2: Summary of materials costs associated with cases A, B and C.

A summary of the raw materials’ per-unit-cost used for all cases can be seen in

Table 4.2. All of the raw materials’ prices are those listed in the manufacturers’ re-

spective websites as of April 2022. The price of common solvents such as deionized

water and isopropanol used to dilute or disperse raw materials has been omitted for

simplicity. The assumption is that such solvents are common enough to be sufficiently

cheap and can be included in the facilities use cost which is not explicitly considered.

It should be noted that the prices indicated in this table are only rough guidelines,

as wholesale unit prices (typically through a Alibaba vendor) vary widely depending

on the scale of purchase. The price of GO also varies widely across different manu-

facturers, along with their overall quality and chemical properties, which should be

taken into account when actual production is concerned.

For GO, the price is calculated from that of a commercial 4L GO solution with

2.5 wt % concentration, and the unit price is calculated in terms of solid content

mass. poly-L-Lysine (PLL) used for LbL deposition of GO has a concentration of

0.1% w/v, and the price in terms of solid mass has been converted to unit price in
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Materials Cost for Case A - per Sample
Material Conc. (mg/ml) Volume per sample (ml) Mass per sample (g)

GO 0.5 1.5 0.00075
AgNW 1.7 0.5 0.00085
NaBH4 5.7 30 0.17

Materials Cost for Case A - per Batch
Material Amount used per batch Cost per batch ($)

PET 0.0026 m2 0.0005
GO 0.003 g 0.0172

AgNW 0.0034 g 0.0402
NaBH4 0.17 g 0.1411

Total Materials Cost per Batch 0.20
Total Materials Cost per m2 77.09

Table 4.3: Materials costs associated with Case A.

terms of volume for a 0.1 w/v% PLL solution in water. For AgNW unit price in terms

of solid mass, a value calculated assuming in-house synthesis was used. [38] Finally,

for NaBH4, the unit price per solid mass in grams was used.

Next, the material costs associated with each production case are calculated. Since

Cases A and B are batch processes, the number of samples handled per batch, and

the size of each sample must be predefined. For Case A, it is assumed that each batch

contains four 2.5 cm by 2.5 cm samples on PET, and for each sample, 3 nGO spin

coating cycles are used without PLL. According to our experience, spin coating a 2.5

cm by 2.5 cm substrate requires 0.5 ml volume of liquid, so 1.5 ml of nGO solution in

total will be used per sample, and 0.5 ml of AgNW solution will be used. The mass

used per sample and per batch have been calculated accordingly. The samples are

typically immersed in a 30 ml of 150 mM (5.7 mg/ml) solution of NaBH4 after nGO

deposition and can contain the 4 samples in a single batch. The total materials cost

per batch and per m2 were thus calculated (Table 4.3)

For Case B, which is the process actually demonstrated in this chapter, it is

assumed that each batch contains four 7.5 cm by 7.5 cm samples on PET, and for

each sample, 3 nGO LbL cycles are used with PLL. According to our experience, a

single cycle of LbL coating wastes far less liquid compared to spin coating, only about

0.01 ml for a 2.5 cm by 2.5 cm substrate. Extrapolating this to a sample size of 7.5
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Materials Cost for Case B - per Sample
Material Conc. (mg/ml) Volume per sample (ml) Mass per sample (g)

GO 0.5 0.27 0.000135
PLL default 0.27 -

AgNW 1.7 4.5 0.00765
NaBH4 5.7 200 1.13

Materials Cost for Case B - per Batch
Material Amount used per batch Cost per batch ($)

PET 0.0225 m2 0.0047
GO 0.00054 g 0.0031
PLL 1.08 ml 0.56

AgNW 0.0306 g 0.3614
NaBH4 1.13 g 0.94

Total Materials Cost per Batch 1.87
Total Materials Cost per m2 83.17

Table 4.4: Materials costs associated with Case B.

cm by 7.5 cm, 0.09 ml of GO solution and PLL solution will be used per sample per

cycle. For 3 LbL cycles, 0.27 ml of each solution are used. Since AgNW still uses

spin coating, 4.5 ml of AgNW solution will be used per sample. The mass used per

sample and per batch have been calculated accordingly. The samples are typically

immersed in a 200 ml of 150 mM (5.7 mg/ml) solution of NaBH4 and can contain the

4 samples in a single batch. The total materials cost per batch and per m2 were thus

calculated (Table 4.4)

Finally for Case C, which is the continuous R2R process, the material cost is

calculated in terms of unit area (m2). Again, 3 nGO LbL cycles are used with PLL.

We extrapolate volume of liquid used for Case B to a sample size of 1 m2, so that 16

ml of GO solution and PLL solution will be used per m2 per cycle. For 3 LbL cycles,

48 ml of each solution are used. For R2R coating of AgNW, we are assuming a process

such as Mayer rod coating is used, where AgNW solution wastage can be ignored.

Based on a previous study, we are assuming the areal mass density required to reach

10 Ω/sq is 40 mg/m2, and the AgNW solution used is less concentrated than for spin

coating. Therefore, 40 ml of 1 mg/ml AgNW solution will be used per m2. Near the

end of the roll, it can be assumed that the film passes through a large vat of 150 mM

(5.7 mg/ml) solution of NaBH4 for 2 hours for reduction of nGO. (Figure 4-21) The
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Materials Cost for Case C
Material Conc. (mg/ml) Volume per m2 (ml) Mass per sample (g)

GO 0.5 48 0.024
PLL default 48 -

AgNW 1 40 0.04
NaBH4 5.7 8889 50.37

Materials Cost for Case C
Material Amount used per m2 Cost per m2 ($)

PET 1 m2 0.21
GO 0.024 g 0.14
PLL 48 ml 24.96

AgNW 0.04 g 0.47
NaBH4 50.37 g 41.81

Total Materials Cost per m2 67.58

Table 4.5: Materials costs associated with Case C.

amount of NaBH4 solution used per m2 has been calculated by extrapolating from

Case B, where it was assumed that 200 ml was used for a single batch that contained

four 7.5 cm by 7.5 cm samples. This results in using 8.9 liters of NaBH4 solution per

m2. The total materials cost per batch and per m2 were thus calculated in Table 4.5.

4.6.3 Process Cost

The process cost for all cases can be considered in terms of the cost of labor and

the throughput of each process. Cases A and B can be assessed in a similar manner

since both are batch processes. For labor costs, we assume a technician works 52

weeks per year, 40 hours per week, and costs $80/hour including wage and facility

use fees. From our own experience, a skilled technician can make at most 3 batches

per workday. Therefore, the throughput for each case can be calculated in terms of

sample area (m2) per week. For Case A, the throughput is 0.0375 m2/week = (0.025

m * 0.025 m) * (4 samples/batch) * (3 batches/day) * (5 days/week). The cost per

week is 3200$/week = (80$/hour)*(40 hours/week). The process cost per m2 is then

given by 85333 $/m2 = (3200 $/week)/(0.0375 m2/week) (Table 4.6).

In a similar manner for Case B, the throughput is 0.3375 m2/week = (0.075 m *

0.075 m) * (4 samples/batch) * (3 batches/day) * (5 days/week). The cost per week
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Process Cost for Case A and B
Cases Case A Case B

One full-time technician makes 3 batches/day 3 batches/day
1 batch contains 4 samples 4 samples

Area m2 per batch 0.0026 0.0225
Area m2 per week 0.0375 0.3375

Process cost per week ($) 3,200 3,200
Process cost per m2 ($) 85,333 9,481.48

Table 4.6: Process costs associated with Cases A and B.

Process Cost for Case C
Number of technicians 2

Web speed 10 m/hr
Web width 1.8 m

Area m2 per week 720 m2

Process cost per week ($) 6,400
Process cost per m2 ($) 8.89

Table 4.7: Process costs associated with CaseC.

is 3200$/week = (80$/hour)*(40 hours/week). The process cost per m2 is then given

by 9481.48 $/m2 = (3200 $/week)/(0.3375 m2/week) (Table 4.6).

For Case C, since it is a continuous R2R process, the speed of the roll (web

speed) is an independent variable. We assume here a relatively slow web speed of 10

m/hr and also assume that the width of the PET roll is 1.8 m. Assumptions on the

labor cost is the same as other cases, but we assume two technicians are required to

sustain the process. Although the cost associated with facility use may be different

considering the cost of electricity needed to operate the machine, we omit in this

analysis due to lack of information. Using the above assumptions, the process cost

per area for Case C is 8.89 $/m2, significantly lower than Cases A and B thanks to

the high throughput enabled by the R2R process. (Table 4.7)

4.6.4 Total Cost

Finally, we calculate the total cost associated with each case according to equation

4.3. The summary is shown in Table 4.8 and Figure 4-22. When using the novel LbL

process as discussed in this chapter (Case B), we may expect an order of magnitude
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Total Cost ($/m2)
Cases Cost (Materials) Cost (CAPEX) Cost (Process) Cost (Total)

A 77.09 692.26 85,333.33 86,102.68
B 83.17 76.92 9,481.48 9,641.57
C 67.58 0.46 8.89 76.94

Table 4.8: Total costs associated with each case.

reduction in cost compared to using a conventional spin coating based process (case

A). However, when adapting our process to an R2R format, even more significant

cost advantage can be realized, bringing the cost per m2 down to $77. For context,

the wholesale price for ITO coated PET as of April 2022 ranges from $15 to $220,

depending on the order size and sheet resistance of the ITO. This result shows that

our process can be competitive in the market for transparent electrodes, with the

added advantage of being more flexible than ITO, and using materials that are more

sustainable than indium.

Figure 4-22: Summary of the total cost to produce R(nGO)3/AgNW for all cases.

Upon examining the cost distribution between materials, capex and process (Fig-

ure 4-23), it can be seen that for batch processes (Cases A and B), the process cost

constitutes the majority of the total cost, while for Case C, the total cost is mostly

dominated by the materials cost. Therefore, reducing the materials cost further for
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Figure 4-23: The cost distribution between materials, process, and capex

Case C is imperative to drive down the overall cost. Within the material cost for

Case C, the cost of the reducing agent NaBH4 and the cost of PLL accounts for 62%

and 37%, respectively, while the PET, GO and AgNW cost accounts for less than 1%

combined. (Table 4.5) Therefore, applying other cost-effective approaches to reduce

GO, such as the use of a cheaper reducing agent, mild heat treatment and light illu-

mination is needed. Also, expensive PLL may be substituted by a cheaper cationic

polymer such as poly(diallyldimethyl-ammonium chloride) (PDDA). [53]

4.7 Conclusion

In summary, we have developed a novel process to realize a conformal protective

coating on AgNW networks by using chemically reduced nanosized GO. Our all-

solution-based process is facile, potentially scalable, and compatible with both glass

and plastic substrates with arbitrary sizes. We have shown that R(nGO)𝑛/AgNW

transparent electrodes fabricated through this process exhibit a tunable transmit-

tance range (85∼92%) depending on the number of R(nGO) coating cycles (𝑛) and a

low sheet resistance value (17.5 Ω/sq) that is relevant for most practical applications.

At the same time, our conformal R(nGO) coating process was demonstrated to be

an efficient method to overcome one of the long-standing thermal and electrothermal

stability issues concerning transparent electrodes based on metal nanowire networks.

Combined with simultaneously increased long-term chemical and mechanical bend-
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ing stabilities, our results suggest that the newly developed process improves the

overall stability of the AgNW network by only using cost-effective materials and

solution-based methods. We expect this method to be generally applicable towards

encapsulating other less stable metallic nanowires such as copper nanowires or to-

wards utilizing various classes of solution-processable 2-dimensional nanosheets such

as MXenes. 2D/1D hybrid nanostructures fabricated in this manner will exhibit dif-

ferent stabilities and functionalities used in a diverse array of flexible electronic and

optoelectronic devices.
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Chapter 5

Conclusion and Future Outlook

The present thesis has successfully demonstrated solution-based and scalable meth-

ods to overcome some of the key failure modes regarding solution-processed Silver

Nanowire Networks (AgNWs) used as transparent electrodes (TE). Specifically, two

novel processes were developed to use Graphene Oxide (GO) and Reduced Graphene

Oxide (RGO) as effective protective coatings for AgNW networks that can be used

towards various optoelectronic devices such as organic solar cells and transparent film

heaters.

In Chapter 2, an overview of failure modes associated with using MNW-based

TEs was given, highlighting the fundamental aspects related to the mechanisms of

degradation when exposing MNW networks to various external stresses of thermal,

electrothermal, mechanical, and chemical origin. A review of some of the most rele-

vant and economically feasible solutions by hybridizing MNWs with other materials

to increase their stability, as well as their merits pertaining to specific device applica-

tions were semi-quantitatively assessed for the first time. This provides guidance on

materials selection and perspective on framing MNW-encapsulant hybrids to bench-

mark applications for TEs. Based on this assessment, GO and RGO were chosen as

materials compatible with solution-based MNW encapsulation with rich opportunities

for materials-level engineering.

In Chapter 3, a process to fabricate TE where AgNW network is effectively ‘sand-

wiched’ between two GO layers was presented. The process involves electrophoretic
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deposition (EPD) and solution dip treatment for the scalable fabrication of protec-

tive GO films with reliable thickness tunability, resulting in EPD-GO/AgNW/dip-GO

TE. Its characterization revealed excellent conductivity and transparency, mitigating

the need for high temperature treatment typically performed on AgNW networks.

The defect-free EPD-GO film provides excellent chemical resilience by preventing

sulfidation of Ag. We also observed a novel stabilization behavior of the AgNW net-

work under voltage ramp, where the voltage at which failure occurs is delayed and

resistance divergence typical for bare AgNWs is prevented. When applied to the back-

electrode of semitransparent solar cells, the device yielded 40% overall transparency

and 2.6% power conversion efficiency, while the lifetime of this solar cell was increased

5 times compared to unprotected devices under ambient conditions. The observed

stability is attributed to improved protection against external moisture, oxygen and

the underling acidic device layer.

In Chapter 4, I developed an cost-effective process to conformally encapsulate

silver nanowire (AgNW)-based transparent conductive films with reduced nanosized

graphene oxide (RnGO). Probe sonication was used to break GO into nanoscale sizes

(nGO) and coated on the AgNW network by a layer-by-layer technique where pos-

itively charged polymer poly-L-lysine and negatively charged GO were alternately

coated to desired thickness and chemically reduced. This coating process resulted

in a simultaneous improvement in thermal stability, storage life, and bending fatigue

resistance compared to uncoated AgNWs. The operation of RnGO-coated AgNW

networks as a transparent film heater resulted in maximum temperature of 275°C.

A more conformal coverage of the AgNW surface delays the kinetics of Ag surface

atomic diffusion, the main mechanism leading to morphological change and break

under elevated temperatures. Finally, the storage life was increased due to the small

interspacing between stacked RnGO sheets which prevents the passage of water or

oxygen. These achievements without the use of an expensive vacuum-based coat-

ing process typically required to produce AgNW-based electrodes offer possibilities

for scalability in continuous roll-to-roll (R2R) manufacturing. A basic cost analy-

sis assuming a R2R production demonstrated a competitive price-per-area against
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commercial ITO.

Although the critical stability limitations of AgNW-based electrodes have been

addressed in this work, other technical challenges still remain. For one, the roughness

of as-coated MNW networks in general is quite high, with root-mean-square (RMS)

roughness being on the order of tens of nanometers at least. For thin film-based opto-

electronic devices, the high degree of roughness poses risk of device malfunctions by

shunting or shorting. Therefore, a suitable coating process should not only stabilize

the underlying MNWs but also efficiently planarize them. Another unaddressed realm

of research with regards to solution-synthesized AgNWs is the role of the passivating

ligand (PVP) which is inevitably introduced during the crystal growth step. Studies

have pointed out that the removal of a hygroscopic PVP from the AgNW surface

not only enhances interwire contact, but also improves the long-term chemical sta-

bility. [167] By extension, studying the role of PVP on the thermal and mechanical

stability of AgNW would be an interesting topic of study. Going even further, design-

ing new ligands altogether to divert away from using PVP during AgNW synthesis

is another interesting direction of research that should require close collaboration

between theoreticians and experimentalists.

It is my hope that the results presented in this thesis will continue to motivate

researchers in the field of transparent electrodes to search for alternative and sus-

tainable materials to substitute ITO in the near future. However, the application of

MNW-based networks is not limited only to TEs for optoelectronic devices. The use

of MNWs have also been reported in the emerging field of flexible electrochemical en-

ergy storage and harvesting devices, [168,169] and these applications will continue to

gain importance with the advent of flexible or stretchable electronics. Thus, a future

direction may include in-depth investigations regarding the electrochemical properties

of MNW-networks. Finally, while the present thesis only specifically demonstrated

the use of AgNW, GO and RGO, other emerging 1-dimensional and 2-dimensional

materials compatible with solution-based processing can also be used in principle.

Therefore, from a broader perspective of economical processing of hybridized mixed-

dimensional nanostructures, there are still plenty of opportunities and challenges that
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need to be addressed. Investing research efforts in this direction is needed to take full

advantage of the cutting-edge advances made thus far in the vast field of nanocom-

posite materials, and ultimately to bridge the gap between lab-scale demonstrations

of new materials and their industrial-scale volume production.
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Appendix A

Experimental Details for Chapter 3

A.1 Fabrication of EPD-GO/AgNW/GO Film

Prior to EPD, two 2.54 cm × 2.54 cm 316 stainless steel plates (McMaster Carr)

are cleaned thoroughly by ultrasonication in acetone, followed by rinsing in ethanol

and deionized water. One of the plates to be used for EPD deposition is then spin-

coated with cellulose acetate (Sigma-Aldrich) solution in acetone (4 mg/mL) with

a spin speed of 900 rpm for 1 min. The steel plates are then attached parallel to

each other in an electrophoretic deposition (EPD) cell with a fixed distance of 5 mm.

The deposition substrate with cellulose acetate coating is attached to the positive

contact as an anode. The electrodes are then immersed in a diluted aqueous GO

solution (Graphenea), and a constant voltage of 5 V is applied across the EPD cell

for 4 min by using a Tektronix PS-282 DC power supply, leaving a thin film of EPD-

GO on the anode. The electrodes are then slowly withdrawn from the GO solution.

The EPD-GO on a stainless steel plate is spin-coated with the AgNW solution in

isopropanol (2 mg/mL, ACS Materials) with a spin speed of 600 rpm for 40 s. The

NW average diameter is 50 nm. The NW average length is in the range 100–200

𝜇m. The resulting AgNW-based product on a stainless steel plate is then immersed

in 1.5 mg/mL aqueous GO solution for 1 min before being rinsed by deionized water

and blow-dried with nitrogen gas. Next, the entire film on the stainless steel plate

is immersed in acetone for at least 6 h and then transferred to deionized water.
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The transparent EPD-GO/AgNW/GO film is then liberated from the underlying

steel substrate and is transferred to a transparent insulating substrate such as glass

(Corning Eagle XG) or PET (DuPont Teijin Melinex ST505). Finally, the transferred

film is dried on a hot plate at 40 °C and thoroughly rinsed with acetone and ethanol.

A.2 Optical, Electrical, Chemical, and Morphologi-

cal Characterization

The optical characterization of electrodes was performed with a PerkinElmer Lambda

1050 UV–visible–near-IR spectrophotometer equipped with an integrating sphere. A

Jandel cylindrical linear four-point probe with a tungsten probe separated by 1 mm

with a probe radius of 40 𝜇m was used to measure the sheet resistance of all the

electrodes. Sheet resistance measurements were taken on five different spots for each

sample and averaged. X-ray photoemission spectroscopy (XPS) measurements were

performed on a Thermo Fisher Scientific K-Alpha system with a monochromatic Al

K𝛼 X-ray source (1486.6 eV). Surface charging effects due to the insulating nature

of GO were compensated for by using a low-energy flood gun. Step sizes of 1 and

0.1 eV were used for survey scan and high-resolution spectra, respectively. Quan-

tification and deconvolution of spectra were performed by using the data analysis

software Avantage (associated with the K-Alpha system), after Shirley background

correction. Scanning electron microscopy (SEM) images were obtained by using a

Hitachi SU8100 high-resolution SEM with an accelerating voltage of 1–4 keV and a

combination of upper (in-lens) and lower secondary electron detectors. Atomic force

microscopy (AFM) measurements were performed on an Asylum Research Cypher

AFM on standard AC-air tapping mode.

A.3 Chemical and Electrical Stability Studies

To perform chemical stability studies, the electrodes were stored on a Torrey Pines

HP60A programmable hot plate set at 80 °C either in the lab environment or inside a
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controlled humidity chamber (5533 environmental chamber by Electro-Tech Systems

Inc.) and were only taken out once a day briefly to measure the sheet resistance.

Relative humidity was recorded for the duration of the experiment with a VWR

hygrometer. In situ electrical stability studies were performed with a Keithley 2401

sourcemeter unit (SMU) using two probes. Electrical contacts were made on opposite

ends of 2.54 cm × 2.54 cm samples with a conductive silver paste (DuPont) and

dried for 12 h in air. Voltage ramps were applied on the samples via a LabView

program interfaced with the SMU. A FLIR A615 Infrared camera was used to record

the temperature of our samples during voltage ramps.

A.4 ST-OSC Device Fabrication

A.4.1 Substrate and Bottom Electrode

150 nm-thick patterned ITO electrodes sputtered on 2.5 × 2.5 cm2 large and 0.7 mm

thick Eagle XG glass substrates were purchased from Thin Film Device Inc. ITO

bottom electrodes had a sheet resistance of 20 Ω/sq, a total transmittance (at 𝜆 =

550 nm) of 88%, and a work function of ∼4.8 eV. Prior to device fabrication, ITO

samples were successively ultrasonicated in Acetone, IPA, and deionized water for 10

min and further cleaned by UV–ozone treatment for 15 min.

A.4.2 Electron Transport Layer

A tin(IV) oxide (SnO2) nanoparticle ink with the “Avantama Ltd. N-31” reference was

purchased from Sigma-Aldrich. For each device, 0.35 mL of solution was deposited

onto ITO samples by spin-coating with a spin speed of 3000 rotation per minute

(rpm) for 1 min and annealed at 140 °C for 5 min, leading to a thickness of ≈35–38

nm.
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A.4.3 Active Layer

10 mg of polymer donor “PV-D4610” purchased from Merck (Lisicon series) was mixed

with 20 mg of a fullerene acceptor PC60BM purchased from American Dye Source

Inc. in 1 mL of 1,2-dichlorobenzene, stirred vigorously for 30 min while heating at 70

°C. 0.2 mL of active layer solution was then deposited by spin-coating onto the SnO2

layer with a spin speed of 1000 rpm for 80 s and annealed at 70 °C for 2 min, leading

to a thickness of ≈150 nm.

A.4.4 Hole Transport Layer

PEDOT:PSS (1:2.5 ratio) dispersed in water with the “Heraeus–HTL solar” reference

was purchased from Ossila and mixed with 30 wt % (with respect to the PEDOT:PSS

solid content) of GOPS (purchased from Sigma-Aldrich), corresponding to a GOPS

volume ratio of 0.4%. The cross-linked HTL solution was deposited by spin-coating

onto the active layer with a spin speed of 1500 rpm for 60 s and annealed at 120 °C

for 2 min, leading to a thickness of ≈90 nm.

A.4.5 Back Electrode Fabrication

Evaporated Ag Electrode

100 nm-thick Ag film was thermally evaporated through a shadow mask at a rate of

1 Å/s, in a chamber with a base pressure of 10−6 Torr.

Bare AgNW Electrode

AgNWs with an average diameter and length of 50 nm and 10–100 𝜇m, respectively,

dispersed in IPA were purchased from ACS Materials. Prior to spray–deposition,

the device’s core-stack was positioned onto a hotplate at 100 °C. AgNW solution was

spray-deposited onto the device core stack through a metal mask with same geometry

as the thermal evaporation mask. The spray head and gas compressor were purchased

from Iwata (“CN gravity feed dual action airbrush kit”) and vertically mounted onto a
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self-customized computer-controlled CNC mill, allowing for automated planar move-

ments of the spray head. Note that the AgNW solution was significantly diluted

(from 20 to 0.4 mg mL–1) to prevent clogging in the spray head and ensure uniform

network. Similarly, the pressure, hotplate temperature, and speed of the movement

spray head were carefully adjusted in order to minimize the so-called “coffee-ring”

effect (47,48) and achieve an electrically uniform AgNW network. (49)

A.5 ST-OSC Device Characterization

𝐽-𝑉 measurements were performed with a Keithley 6487 picoammeter, with (100

± 10) mW cm−2 simulated solar illumination provided by a 150 W Newport 96000

Xe arc-lamp equipped with an AM1.5G filter and diffuser. The optical character-

ization of the reference AgNW samples and OPV devices was performed with a

PerkinElmer Lambda 1050 UV–vis–near-IR spectrophotometer equipped with an in-

tegrating sphere. A Jandel cylindrical linear four-point probe with a tungsten probe

separated by 1 mm with a probe radius of 40 𝜇m was used to measure the sheet

resistance of reference AgNW samples. Sheet resistance measurements were taken on

five different spots for each sample and averaged. Areal mass density of the reference

AgNW samples was measured by capturing SEM images at 10 different locations each,

followed by performing image analysis (binarization) using a Python-based script.

Work function measurement of back electrode materials was performed by XPS on a

Thermo Fisher Scientific K-Alpha system with a monochromatic Al K𝛼 X-ray source

(1486.6 eV). SEM images were obtained by using a Hitachi SU8100 high-resolution

SEM with an accelerating voltage of 1–4 keV and a combination of upper (inlens) and

lower secondary electron detectors. Surface morphology analysis was performed with

Asylum Research Cypher S AFM. Thickness measurements were performed with a

Bruker DXT Stylus Profilometer. For all aging experiments, the storage temperature

and RH were recorded every minute using a “Gateway SensorPush G1” sensor.
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Appendix B

Experimental Details for Chapter 4

B.1 Transparent Electrode Fabrication

Prior to deposition, a glass substrate (Corning Eagle XG) or a polyethylene terephtha-

late (PET) film (DuPont Teijin Melinex ST505) is cleaned thoroughly by a 10-minute

ultrasonication in acetone (only for glass), followed by rinsing in ethanol and deionized

water (DIW). The blow-dried substrates are then treated with a UV-Ozone cleaner

for 15 minutes. Then the substrates were incubated in poly-L-lysine solution (0.1 %

w/v in H2O, Sigma-Aldrich) for 10 minutes, rinsed in DIW and blow-dried. Then,

0.5 ml of 100 nm diameter AgNW dispersed in isopropanol (ACS Materials) with a

diluted concentration of 1.7 mg/ml was spin coated on the substrates at a spin speed

of 3000 rpm. This is followed by immersing the AgNW-coated substrate in a GO or

nGO aqueous solution (0.5 mg/ml, Graphenea) for 1 minute. Note that nGO was pre-

pared by probe sonicating the GO solution continuously for 2 hours with a QSonica

Q55 sonicator. Additional GO or nGO deposition were done n times by alternating

cycles of immersion in the poly-L-lysine solution for 5 minutes and immersion of the

sample in GO/nGO solution for 1 minute. The obtained coated AgNW sample was

finally treated in 150 mM NaBH4 (Sigma-Aldrich) aqueous solution for 2 hours and

thoroughly rinsed with DIW which resulted in R(GO)n/AgNW or R(nGO)𝑛/AgNW.

Electrical contacts were made on opposite ends of 2.54 cm × 2.54 cm samples with a

conductive silver paste (DuPont) and dried in air.
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B.2 Characterization

The optical characterization of electrodes was performed with a PerkinElmer Lambda

1050 UV–visible–near-IR spectrophotometer equipped with an integrating sphere. A

Jandel cylindrical linear four-point probe with a tungsten probe separated by 1 mm

with a probe radius of 40 𝜇m was used to measure the sheet resistance of all the

electrodes. Sheet resistance measurements were taken on five different spots for each

sample and averaged. X-ray photoemission spectroscopy (XPS) measurements were

performed on a Thermo Fisher Scientific K-Alpha system with a monochromatic Al

K𝛼 X-ray source (1486.6 eV). Surface charging effects due to the insulating nature of

GO were compensated for by using a low-energy flood gun. Step sizes of 1 and 0.1 eV

were used for survey scan and high-resolution spectra, respectively. Quantification

and deconvolution of spectra were performed by using the data analysis software

Avantage (associated with the K-Alpha system), after Shirley background correction.

X-ray diffraction (XRD) was carried out on a Rigaku SmartLab using Cu K𝛼 source

(1.5406 Å). Scanning electron microscopy (SEM) images were obtained by using a

Hitachi SU8100 high-resolution SEM with an accelerating voltage of 1–4 keV and a

combination of upper (in-lens) and lower secondary electron detectors. Atomic force

microscopy (AFM) measurements were performed on an Asylum Research Cypher

AFM on standard AC-air tapping mode, and the images were analyzed by Gwyddion

software. Malvern Zetasizer was used to measure the zeta potential and DLS size

distribution of GO and nGO dispersions in water.

B.3 Stability measurements

In situ thermal stability studies were performed by placing the samples in a tube fur-

nace (Thermo Scientific HTF55122A Lindberg/Blue) and connecting the sample ter-

minals to a Keithley 2401 sourcemeter unit (SMU) using two probes. The resistance

across the sample was measured during a programmed thermal ramp of 6°C/min. In

situ electrothermal stability studies were performed by applying voltage ramps and
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plateaus on the samples suspended in air via a custom LabView program interfaced

with a SMU. A FLIR A615 Infrared camera was used to record the temperature of our

samples during the experiment. To perform chemical stability studies, the electrodes

were stored on a Torrey Pines HP60A programmable hot plate set at 80 °C inside a

controlled humidity chamber (5533 environmental chamber by Electro-Tech Systems

Inc.) set to 80% relative humidity were only taken out once a day briefly to measure

the resistance. Mechanical stability studies were performed by preparing the samples

on a flexible PET substrate strip (1 cm by 5 cm) which was fixed on the motorized

moving stage. Electrical contact to the SMU was made using copper tape and In-Ga

Eutectic (Sigma-Aldrich).
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