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Abstract 

 

In recent of days, indium tin oxide (ITO) has been extensively used for a transparent conducting 

electrodes (TCEs) in various opto-electronic applications; such as touch screen panels (TSP), 

transparent conducting electrodes (TCEs), flat panel displays etc. However, ITO have limitations in the 

emerging new technology point of view for flexible display applications. Despite its excellent opto-

electronic property, expensive cost and weak mechanical property against bending hinder its application 

of next generation TCEs. Numerous suggestions were made for new TCE materials, including metal 

nanogrids, metal nanowires, conducting polymers, carbon nanotubes (CNTs), and graphene (Gr). Yet, 

alternative material properties do not match up with commercial demands for transparent conducting 

electrodes (TCE). For instance, metal nanowires comprised with silver, gold, and copper (Cu) have 

been reported and demonstrated for TCEs applications. However, the contact resistance between each 

nanowire, light scattering under visible wavelength, and instability under ambient condition hinder its 

opto-electronic property. Conducting polymer have been generally used for its high electrical properties 

and simple processing method; however, week endurance under humid and high temperature condition 

is always problematic for commercial application uses. graphene has been spot-lighted since year 2010 

after noble prize was rewarded. The excellent opto-electronic, mechanical properties, and long-term 

stability were more than enough to grab many researcher’s attention. Although, intense studies on Gr 

were performed, its opto-electronic properties were never better when compared with ITO due to 

various unavoidable defects. This thesis presents three research objectives. First, high quality single 

layer graphene (SLG) with single-walled carbon nanotube (SWCNT) TCE was fabricated and 

demonstrated for a wearable device application. By introducing effective coating method of SWCNTs 

on a SLG surface, defective sites were well filled and bridged with SWCNT enhancing the performance 

of the SWCNT/SLG composite film. Second, silver nanowires (AgNWs) were synthesized by using a 

modified polyol with continuous flow method for an industry scale production level. Unlike previous 

studies, AgNW reaction solutions were inserted through a milli-capillary tube for AgNWs reaction, and 

stable synthesis of AgNWs were observed for more than 8 hours. Finally, highly stable multi-layer 

graphene (MLG)/AgNW/polyimide (PI) composite film was fabricated to propose ITO alternative 

materials for future applications. The high crystalline MLG/PI provided excellent barrier properties to 

protect embedded AgNWs under various environments including high temperature, humid, and 

sulfurization conditions. By accomplishing these three objectives, this research has proposed the 

combination and usage of current new materials all together for practical implementation in the industry 

level. 
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Chapter 1. INTRODUCTION  

 

1.1 The Importance and Current Status of Transparent Conducting Electrodes 

 

Transparent conducting electrodes (TCEs) are thin films comprised of optically transparent and 

electrically conductive materials. It is one of the most important components in opto-electronic devices 

including solar cells, light emitting diodes, liquid crystal displays, touch screens, and organic light 

emitting diodes. With the ever-increasing demands of these devices, the overall TCE market will 

tremendously grow. The traditional and mostly used material for TCEs are doped metal oxides. Among 

them, indium tin oxide (ITO) has been market leader in the field for decades due to its excellent 

transparency and electrical property1. However; despite its high performance as thin films, the use of 

ITO and relying on this material for the fabrication of low-cost devices has many drawbacks2. Cost is a 

primary issue in both raw material cost and in deposition methods. For instance, indium is a rare metal 

which the resource is limited and the price of indium metal in dollars are continuously arising. The 

sputtering process by which ITO is deposited onto a substrate is also expensive and time-consuming. 

Commercially-produced ITO is deposited by DC sputtering method under vacuum system rather than 

cheap coating method such as solution process. Various optoelectronic devices including photovoltaics, 

organic-light emitting diodes are now requiring flexible, lightweight devices built on a transparent 

polymer substrate. ITO can be sputtered in a roll-to-roll structure; however, the performance of ITO is 

limited on the polymer substrates due to the heating requirement for the low sheet resistance. In addition, 

ITO is inherently brittle and weak under bending3. Such bending can result in microscopic cracks which 

may begin to form and propagate on the surface increasing its sheet resistance. This is a significant 

disadvantage for applications in which the final device structure is supposed to be flexible, bendable, 

or foldable, especially when many industries now days have significant interest on wearable devices. 

For next generation TCEs applications, researchers are prompted to look elsewhere for alternative TCEs 

materials development which are cheap and perform better with long-term stability and can be deposited 

on flexible substrates. 
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1.2 Flexible Alternatives to Indium Tin Oxide 

 

 There are various alternative materials studied for replacement of ITO, and they include metal 

nanowires4, conducting polymers5, carbon nanotubes (CNTs)6, and their composites. Silver nanowire 

(AgNW)7 synthesized with high aspect ratio shows very high electrical and optical conductivity, and 

only requires simple fabrication process with environment-friendly solution-based synthesis method. 

They are also easy to scale up for various industry applications. Typically, the opto-electrical property 

of AgNW-based TCEs can be enhanced by decreasing the diameter and increasing the length of AgNWs 

since narrow nanowires scatter less light and increasing aspect ratio decrease the number of high-

resistance nanowire-nanowire contacts in the film. Yet, there are numerous limitations which must be 

overcome before its practical applications. Solution reaction based AgNW synthesis method often leave 

polymer residues on AgNW side walls which increases contact resistance during the film formation. 

The contact resistance of each nanowire is significantly problematic, thus post welding treatment is 

necessary for practical applications. They also show weakness at oxidation and sulfurization under 

ambient conditions. Conducting polymers are also one of the alternatives that can replace ITO and its 

application for TCEs were studied widely. Synthesis of poly3,4-ethylenedioxythiophene (PEDOT) by 

using vapor phase polymerization (VPP)8, electro-polymerization (EP)9, and oxidative chemical 

polymerization methods10 has been reported and their conductivity often varies around 3300 S·cm-1. 

Their electrical properties can be further enhanced by various methods such as; secondary doping11 by 

treating with nitric acid or sulfuric acid, or ultraviolet irradiation (UV)12 treatment. However, long-term 

environmental stability often lacks and show degradation under high temperature, humid condition. 

Graphene has received huge interests in various research fields for unique properties. They include high 

carrier mobility, low electron-phonon scattering, quantum Hall effect, and ambipolar electrical field 

effect. They are also known to possess excellent mechanical durability which is thought to present better 

performance than any other 2-dimensional material and high transparency of single layer graphene 

(SLG) only shows 2.3 % absorption of visible light. Recently, it was reported by many scientists that 

graphene can be introduced in various applications such as energy storage materials, field effect 

transistors, cell imaging, barrier materials, chemical and bio-sensors, TCEs, and more. Although the 

theoretical calculation and analysis of graphene propose that it would perform as an excellent TCEs, 

chemical vapor deposition (CVD) grown high crystalline and large area graphene often present a higher 

sheet resistance value, than ITO-based TCEs. This was attributed to the structural defects such as tears, 

grain boundaries, wrinkles, folds, and point defects in the CVD grown as-processed graphene layers 

(Figure 1-1a-f). Such defects can hinder the delocalization of electrons in sp2 orbital and lead to 

trapping or charge scattering. Although various methods such as large graphene domain growth by 

optimizing the growth conditions or controlling the stitching of graphene domains by engineering the 

orientation of the underlying copper surface have been tried to minimize the negative effects of various 
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defective sites in the graphene grown by using a CVD method, its reduced property hinder various TCEs 

practical applications. In other approaches, combining graphene with other conducting materials, such 

as conducting polymers, metal nanowires, and metal grids can enhance the performance in the CVD 

grown graphene while preserving its high transparency.  

 

 

Figure 1-1. Defects in graphene. (a) Stone-Wale defect, SW (5577). (b) Mono-vacancy. (c) Di-vacancy. 

(d) Line defect formed by aligned vacancy structures. (e) Grain boundary mapping of polycrystalline 

CVD graphene. (f) Flaw generated by partial surface coverage of the CVD graphene. (g) Macroscopic 

defect created during the transfer process.13 

 

1.3 Research Goals 

 

Excellent properties with various materials are being proposed in now day; however, they suffer from 

long-term stability, and trade-off characteristic between electrical property and transmittance. Since 

conducting polymers and metals are easily degraded under high temperature and humid condition, and 

carbon materials lack in opto-electrical properties, hybrids of such materials may resolve critical 

limitations for TCEs applications. Among various techniques, combination of one-dimension materials 

with high crystalline graphene may overcome such problems by combining the merits of 1 dimension 

and 2-dimension transparent conducting materials. For instance, highly conducting CNTs can be 

incorporated with a high crystalline graphene for flexible electronics with electrical performance that 

presents better than organic semiconductors or amorphous silicon, due to the excellent intrinsic 

electrical properties of CNTs within the network. Introducing high crystalline graphene layers as a 

barrier film on metal nanowire based TCE could also be a solution. Although metal nanowire’s opto-
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electronic properties are comparable to ITO, their long-term environmental stabilities under ambient 

and harsh condition hinder its actual usage on various applications. High crystalline graphene is well 

known for excellent barrier film due to its chemical inertness and complete impermeability to water and 

oxygen. They are often used with metal electrodes to prevent from oxidation, corrosion, and degradation 

in electrochemical systems. The objectives of this thesis are (1) to propose simple and uniform coating 

method of single-walled carbon nanotubes (SWCNT) on a graphene/copper foil to fabricate 

SWCNT/graphene composite film for TCE applications, (2) to develop efficient, uniform and stable 

synthesis methods for AgNWs by using a continuous flow method in a tubular reactor, and (3) to 

propose potentialities of hybrid structure of multi-layer graphene/AgNW/polyimide (MLG/AgNW/PI) 

composite film for alternatives to ITO.  
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Chapter 2. Highly Stable Single-walled Carbon Nanotube/Graphene Composite 

Transparent Electrodes Containing Uniform Carbon Nanotube Networks 

 

2.1 Introduction 

 

The distinctive properties of graphene such as low electron-phonon scattering14, high carrier mobility15, 

ambipolar electrical field effect16, quantum Hall effect17, and excellent mechanical property with high 

transmittance under visible ranges18, grabbed huge attentions in various research fields. Among many 

graphene growth methods, chemical vapor deposition (CVD) method is mostly used to obtain high 

crystalline and large are graphene layers. Yet, CVD grown graphene suffer from various defects during 

and after growth of graphene. Grain boundaries, wrinkles, tears, folds, and point defects are inevitable19 

with current technology and often present higher sheet resistance when compared to indium tin oxide 

(ITO) based transparent conducting electrodes (TCEs). Various efforts were shown to overcome such 

deleterious effect of graphene defect and incorporating conducting 1-dimensional nanomaterials can be 

one solution. Due to effective surface area and various coating methods, introducing conducting 1-

dimension nanomaterials on a graphene may significantly enhance performance by providing 

conducting channel on the defective sites of graphene. Carbon nanotubes (CNTs) are one of the most 

studied materials in the past decades. The structure of CNTs are comprised of single or multi-layer 

graphene sheets wrapped into 1-dimension cylinder. CNTs are also famous for its amazing properties. 

For example, CNT possess high electron mobility (100,000 cm2/Vs), high electrical conductivity (104 

S/cm), high thermal conductivity (3500 W/mK), and excellent mechanical strength (individual mutli-

walled CNT possess tensile strength of 100 GPa). These CNT networks performance generally depend 

on how they are arrayed. Thus, combining graphene and CNTs together may benefit each other and 

show excellent performance of TCEs. In this chapter, coating of uniform single-walled carbon 

nanotubes (SWCNTs) on a graphene will be discussed and elucidate enhanced graphene properties.  
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2.2 Coating and Growth Mechanisms 

 

2.2.1 Coating Methods for Carbon Nanotubes 

 

Although CNTs possess excellent properties, problems such as insulating residues, large aggregation, 

and non-uniformity upon coating may cause significant degradation on their performance when formed 

as networks of film. When CNTs are dispersed in a solvent, the high aspect ratio and strong interaction 

between each CNTs due to the van der Waals cohesive forces can result in aggregation and bundling20. 

Since many solutions based CNTs coating application require well-dispersed CNTs, such aggregation 

is a major drawback to make full use of their remarkable properties. The aggregation problems are often 

overcome by post-treatment on CNTs. For instance, incorporation of ionic surfactant21, covalent 

attachment of hydrophilic groups22, physical adsorption of amphiphilic molecules23 is used widely. 

Uniform coating of CNT solution on a substrate is another challenging task. Various methods are well 

studied and reported. For example, spin coating involves the addition of the CNT solution on a target 

surface of substrate during a spinning24. Dip coating is facile and effective to coat CNTs on a planar 

substrate25. For better interaction and adhesion between CNTs and a substrate, CNTs and substrates are 

often functionalized for covalent bonding together26. Spray coating is one of the most used coating 

method for efficient and uniform coating of nanotube networks on a target substrate27, where nanotubes 

are well dispersed in surfactants with organic solvents and sprayed-onto a heated substrate. Vacuum 

filtration28 is widely used for forming a homogeneous network on its planar surface by forcing 

dispersion of CNTs on a planar surface of filter paper. Other techniques for CNT coatings include bar 

assisted coating29, ink-jet printing30, layer-by-layer (LBL) coating31, and drop casting method32. In all 

methods, the surface property of a target substrate and the CNT dispersion play critical roles in the 

uniformity of the CNT network.  

 

2.2.2 Chemical Vapor Deposition Growth of Graphene 

 

Top-down, and bottom-up methods are well reported for synthesis of graphene layers. The CVD 

growth of high crystalline and large-area of single-layer graphene on metal films has been reported 

widely. Despite the significant enhancement in growth technology, graphene obtained by CVD method 

often possess poly-crystalline with various defects. For various applications, high crystalline and 

uniform graphene synthesis is inevitable. Until now, graphene films grown on transition metal substrate 

with high carbon solubility (cobalt33, nickel34, iron35, platinum36) do not yield uniform monolayer 

graphene. In contrast, transition metal with low carbon solubility such as copper37 is an excellent 

candidate for growth of uniform and large-area single-layer graphene films. Since graphene synthesis 

are generally based on catalytic and chemical reaction, the overall process of graphene is formed on the 
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surface of transition metal catalyst through adsorption, decomposition, and diffusion of carbon atoms. 

The high carbon solubility of transition metal can induce bulk diffusion of carbon, resulting in in-

uniform multi-layer of graphene. However, surface-mediated growth of graphene is often observed 

when transition metal catalyst with low carbon solubility is used. In typical CVD graphene growth, 

various defects are introduced during and after growth of graphene. For example, copper foil used for 

graphene growth often possess impurities, copper steps, and facets, which are possible active sites for 

carbon adsorption and result in multilayer flakes38 (The ad-layer of multilayer flakes have randomly 

oriented and may act as a scattering sites). The differences in thermal expansion coefficient and lattice 

constant of copper and graphene generate ripples and wrinkles on a graphene surface. In addition, the 

general wet transfer method by using sacrificial polymer layer may generate tears, folds, and artificial 

wrinkles.40 Until now, these defects are impossible to prevent during/after the CVD graphene growth 

process; however, surface flattening treatment of copper or hydrophilic treatment of the target substrate 

may resolve such problems. Growth of large area single crystalline graphene layer is another excellent 

alternative solution to obtain defect free graphene layers. The growth of high crystalline and large area 

graphene is necessary for the next-generation optoelectronic devices, because the grain boundaries in 

poly-crystalline graphene can significantly disrupt the carrier transport performance due to the 

scattering effect41. In recent of days, there are several reports to grow grain boundary free graphene. For 

example, large size single crystalline graphene can be grown by either suppressing the nucleation 

density42 or induce the graphene growth orientation alignment with perfect stitching of graphene 

domains43. Such results are obtained by fine tuning of graphene growth conditions. For example, 

substrate roughness flattening, temperature control, chamber pressure control, reacting gas ratios, and 

oxygen pre-treatment prior to graphene growth. Although growth of high crystalline large area graphene 

showed striking result, it is necessary to develop effective growth process to apply CVD graphene for 

industrial applications. 

 

2.2.3 Hybridization of Graphene and Carbon Nanotube 

 

Due to the hydrophobic surface of CVD grown pristine graphene layer, solution coating of CNTs often 

result in in-uniform coating; the composite film fabrication methods typically show large aggregation 

of coffee ring shape. For instance, CVD growth of CNTs and graphene can control structure and 

property effectively; however, high temperature process (~1,000 ˚C) is not compatible with polymeric 

substrates. Solution based coating of CNTs onto target substrates is an efficient and effective method 

for various flexible and wearable applications; however, fabrication of CNT/graphene composites by a 

such method is mostly fabricated by using graphene oxide (GO) or reduced GO materials. Spin and dip 

coating methods are facile and fast, but their uniformity is largely affected by surface hydrophilicity 
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which may cause aggregation of CNTs. Several reports for graphene carbon nanotube hybrid films have 

been demonstrated. For instance, Tung et al. reported incorporation of reduced graphene oxide (rGO) 

with carbon nanotube for high-performance transparent conductor44. One step growth of graphene and 

carbon nanotube in CVD was demonstrated by Dong et al. 45, and Yu et al46. illustrated self-assembly 

of multi-walled carbon nanotube (MWCNT) with reduced graphene oxide (rGO) nanosheets. Kim et al. 

established hybrid film of graphene carbon nanotube by spin coating carbon nanotube on a copper foil 

and synthesized graphene to obtain hybrid film and enhanced electrical properties47. However, previous 

approaches are mostly limited for graphene oxide and reduced graphene oxide where functional groups 

are necessary and exhibit high sheet resistance due to the presence of defects. Recent reports of 

fabricating CVD grown graphene and carbon nanotubes composite film suggest that the it is necessary 

to comprehend and design CNT networks arrangement to control the performance of carbon-based 

TCEs and further improvements in sheet resistance, transmittance for commercial flexible TCEs 

applications.  

 

2.3 Experiment 

 

2.3.1 High Crystalline Graphene Growth 

 

High crystalline large area single layer graphene was grown by using a conventional CVD process 

method. In brief, electropolishing technique was applied on a copper foil with 25-μm thickness (Alfa 

Aesar, 99.8 % purity) for 15 min for smooth surface. Then electropolished copper was rinsed with 

distilled water and isopropyl alcohol. The pre-treated copper foil was loaded into a quartz tube for CVD 

graphene grown and the chamber was pumped to low vacuum. Before graphene growth on a copper 

foil, the temperature was increased to 1,050 °C within 35 min while H2 gas flowing (270 mTorr) and 

maintained for 15 min to remove various forms of oxides in copper foil. The single layer graphene was 

grown by flowing CH4 and H2 gas (1:2 ratio, 86 mTorr) for 10 min. After single layer graphene growth 

by using CVD method, graphene was transferred to a transparent PET substrate by using sacrificial 

layer of poly(methyl methacrylate) (PMMA) coating on a graphene/copper assembly and a copper foil 

was completely etched in an etchant solution of 0.1 M (NH4)2S2O8. After etching of copper foil is 

completed, the remaining PMMA/graphene film was rinsed with distilled water and transferred onto a 

PET substrate. The remaining water in between PMMA/graphene and PET was completely dried on a 

hot plate at ~100 ˚C for 10 min. Finally, the sacrificial layer of PMMA was dipping the composite into 

acetone solvent for 10 min. For better transfer of CVD grown graphene on a PET substrate, oxygen 

plasma treatment was applied on a PET which made it became more hydrophilic and this process 

enhanced wetting characteristic which helped water to efficiently evaporate in between graphene and 

PET substrate during wet-transfer process. The oxygen plasma treatment on a PET substrate helped to 
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obtain well transferred graphene/PET composite by using wet-transfer method, with less generation of 

various defects in graphene such as folds, wrinkles, tears and ripples. 

 

2.3.2 Spray Coating of Single-walled Carbon Nanotubes and Fabrication of Single-walled Carbon 

Nanotube/Graphene Composite 

 

In this work, spray coating was applied for uniform coating of CNTs on a graphene surface. By 

optimizing temperature of a target substrate during spray-coating process, large aggregation and coffee-

ring effect were prevented and uniform coating of CNTs were obtained. As shown in the Figure 2-1, 

spray coating of SWCNTs were proceeded to achieve uniform coating of SWCNT networks on a 

graphene surface. First graphene was grown on a copper foil by using a CVD method. The obtained 

graphene/copper composite was then put on a hot plate for SWCNT deposition. For SWCNT coating, 

well dispersed SWCNT solution (SWCNT content: 0.3 wt. %, average length: 20 µm, average diameter:  

~1.4 nm, sodium dodecyl sulfonate (SDS)-based water mixture) was spray coated on a graphene/copper 

substrate with varying solution amount from 1 to 4 ml by using an air compressor. The distance of air-

sprayer nozzle to target substrate was set at ~11.5 cm and constant compressed air was supplied from 

an air compressor during the coating process. To remove insulating surfactant, the SWCNT coated 

graphene/copper composite was washed with highly purified water for 30 min. After etching copper by 

floating the composite on an ammonium persulfate solution, SWCNT/graphene composite was 

transferred onto a transparent PET substrate. To remove surfactant which was deposited during coating 

of SWCNTs solution, the SWCNT/graphene/PET composite was treated with diluted nitric acid (12 M) 

for an hour. Finally, the SWCNT/graphene/PET composite was washed with highly purified water for 

30 min to prevent any chemical/molecular doping from nitric acid. 
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Figure 2-1. Schematic illustration of SWCNT/graphene composite film fabrication by air-spray coating 

of SWCNT solution on a single layer graphene grown by using a CVD method. The 

SWCNT/graphene/copper composite was first etched with copper etchant and transferred to a PET 

substrate treated with oxygen plasma. 

 

2.3.3 Gold Chloride Doping of graphene and Single-walled Carbon Nanotube/Graphene 

Composite 

 

Chemical doping of AuCl3 was performed by dissolving AuCl3 in nitromethane solvent at 20 mM 

concentration and spin-coating was performed on a graphene or SWCNT/graphene composite at 3,000 

rpm for 30 seconds with a residual time of 30 seconds. 

 

2.4 Figure of Merits 

 

2.4.1 Surface Characterization and Crystalline Analysis of a Single Walled Carbon Nanotubes 

and a Graphene Layer by Using a Scanning electron Microscope and Raman Spectroscopy 

 

We observed the uniformity difference of SWNCT networks was highly dependent to either deposition 

method or post-treatment methods (Figure 2-2). As it can be seen from the Figure 2-2, the highly 

uniform SWCNT networks on a graphene was formed by appropriate heat treatment during the coating 

process. It was noted that when SWCNT solution was evaporated at short period of time after spray 

coating, highly uniform SWCNT networks on a graphene was observed. When SWCNT was air spray 
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deposited on a graphene, we observed fine droplets of SWCNT solution accumulating due to low 

evaporation speed of solution. The accumulated SWCNT solution left an aggregated shape, which is 

often observed from the pattern of the capillary flow. It was clearly observed that SWCNT solution 

pinned at the edges of the droplets while slow drying, and this resulted in solid contents of the solution 

piled to the edge while solution evaporate from the edges. This resulted in the high density of SWCNT 

stains were left as a ring shape structure. Thus, it is very important to control the solution evaporation 

speed to obtain highly homogenous SWCNT coating on a graphene layer. We attempted to control the 

solution evaporation speed by changing the heating temperature of the graphene/copper during the air 

spray deposition of SWCNT solution. When heating temperature was below 100 ˚C, the as-synthesized 

films showed large aggregates of SWCNTs with coffee ring effect as indicated by SEM images. In 

contrast, when SWCNT solution was coated on a graphene/copper composite at 120 ˚C, uniform 

SWCNT networks were obtained.  

 

 

 

Figure 2-2. Morphology change observation of air-spray coated SWCNT networks on a graphene/PET 

composite with varying temperature of a hot-plate. During air-spray coating of SWCNT solution, the 

composite was heated, and the temperature was varied at (a) 40 ̊ C, (b) 80 ̊ C, (c) and 120 ̊ C respectively. 

 

The various defects on a single layer graphene were observed by SEM as shown in Figure 2-3a. During 

the growth of graphene, thermal expansion coefficient difference between graphene and copper 

substrate induced wrinkles which was indicated by a black arrow. Tears and folds were generated during 

graphene wet-transfer process which was indicated by a red arrow. These defects are main reason of 

graphene property degradation by scattering electrons. Figure 2-3b show study of graphene crystallinity 

by using a Raman spectroscopy. In Raman spectroscopy analysis, clear peaks of D,G, and 2D bands of 

graphene can be obtained and quality can be interpreted. Since this experiment was aimed for TCEs 

application, graphene was transferred on a transparent polymer substrate (PET). Since, Raman signals 

of typical graphene signals appeared with Raman signals of the PET substrate, graphene was transferred 

onto a Si/SiO2 substrate to obtain clear Raman signals of graphene. The CVD grown graphene 
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transferred on a Si/SiO2 substrate only showed the Raman D band (~1365 cm-1) of graphene at line 

defects, which implies graphene with high crystallinity was grown by using our CVD process method. 

The intensity ratio of the G and 2D bands centered (~1575 cm-1 and ~2680 cm-1, respectively) (IG/I2D 

~0.5) and the full width at half maximum (FWHM) of the 2D band (~28 cm-1) indicate single layer 

graphene with high crystallinity was obtained.  

 

 

Figure 2-3. (a) A Surface image of single layer graphene/PET composite observed by using a SEM. (b) 

Raman spectra of a CVD grown single layer graphene from a copper foil and transferred on a PET and 

Si/SiO2 substrate. 

 

2.4.2 Opto-electronic Property of a Single-walled Carbon Nanotube/Graphene Composite 

 

With effective and simple spray coating method, highly uniform SWCNT networks were formed on a 

graphene/PET composite. It can be also noted that density of SWCNT networks were controlled easily 

by changing the volume of SWCNT coating solution (Figure 2-4a,b). A SEM image of Figure 2-4c 

indicates the surface image of air-spray deposited SWCNT on a graphene layer which effectively filled 

the various defects on a graphene such as voids/tears (indicated by red dotted line) or folds (indicated 

by blue dotted line) and effectively bridged line defects (indicated by white arrow) in as-processed 

graphene. This effective coating of SWCNT minimized the deleterious effect from various defects in 

the CVD grown single layer graphene. It is also noted that SWCNT/graphene composite without any 

polymer coating retained its shape and structure on a copper etchant solution after etching copper foil 

in an ammonium persulfate etchant (Figure 2-4d). In general, CVD grown graphene requires sacrificial 

polymer coating due to its weak mechanical properties; however, our method enables the polymer-free 

transfer of the SWCNT/graphene composite onto the target substrates. This technique provides 

SWCNT/graphene composite film with less polymer residues than the conventional transfer method of 

sacrificial polymer coated graphene film, which could be potentially applied for 2-dimensional and 

carbon based next generation flexible electronics, sensors and display devices. When spin-coating was 

applied for SWCNT coating on a graphene film, the composite without sacrificial polymer coating was 
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broken apart during copper etching process. This was attributed to an inhomogeneous coating of 

SWCNTs, as shown in the inset of Figure 2-4d. The electrical and optical properties of the 

SWCNT/graphene/PET composite were evaluated by changing the SWCNT solution quantity. By 

varying the quantity of SWCNT solution with 1 ml steps, it was observed that SWCNT density on the 

graphene layer was effectively controlled by using air spray deposition method which resulted in the 

equidistant intervals of transmittance of the SWCNT/graphene/PET TCEs at 550 nm, as shown in 

Figure 2-4e. By controlling the SWCNT density on a graphene layer, a trade-off between the optical 

and electrical properties was observed. Since pristine single layer graphene only absorbs approximately 

2.3 % of visible light, the transmittance of the SWCNT coated graphene layer decreased from 97.3 ± 

0.2 to 95.7 ± 0.5, 94.3 ± 0.7, 92.5 ± 0.8, and 90.8 ± 1.2 % at 550 nm and sheet resistance reduced from 

775 ± 100 to 390 ± 35, 286 ± 30, 219 ± 25, and 215 ± 15 ohm/sq, as shown in Figure 2-4f. The saturation 

trend of sheet resistance value was observed when SWCNT solution with more than 3 ml was spray 

coated and this was due to SWCNTs pile up on SWCNT networks since there are less room to fit on the 

graphene layer as density of SWCNTs increases. For comparison, sheet resistance of as-prepared single 

layer graphene was measured (775 ± 100 ohm/sq) and SWCNT/PET composite fabricated by increasing 

the SWCNT solution by 1 ml steps showed 9,000 ± 575 to 1,769 ± 200, 1,200 ± 125, 552 ± 35 ohm/sq. 

We noted that the as-prepared air spray-coated SWCNTs on a single layer graphene contained a large 

amount of SDS-based surfactants. The insulating SDS residues can deleteriously affect the electrical 

properties by hindering the nanotube junction resistance. To enhance the nanotube junction resistance, 

nitric acid was introduced, and very effective removal of surfactants was observed, which enhanced 

electrical properties by improving better contact between each SWCNTs. 
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Figure 2-4. (a-b) A surface image of SWCNT/graphene/PET composite by using a SEM. SWCNT 

solution was air-spray coated on a single layer graphene from a copper foil by varying (a) 1 ml and (b) 

4 ml of the solution and transferred to a PET substrate. (c) A surface image of various defects on a single 

layer graphene by using a SEM. A white arrow indicates wrinkle formed on a single layer of graphene. 

(d) A photo image of sacrificial polymer free-SWCNT/graphene composite floating on a copper etchant 

solution. The inset photo image presents inhomogeneous SWCNTs spin-coated on a graphene. The 

composite was torn apart on a copper etchant solution. (e) Transmittances of graphene/PET and 

SWCNT/graphene/PET composites at visible ranges. (f) opto-electrical data of SWCNT/graphene/PET 

composite by varying SWCNT solution. 

 

 

 

 



１５ 

2.4.3 Mechanical Properties of Graphene and Single-walled Carbon Nanotube/Graphene Hybrid 

Composite 

 

The flexible and wearable electronic application requires TCEs materials to present high mechanical 

strength under certain strains. The flexible TCEs bust resistance under high bending, stretching, or even 

at twisting conditions. To study the mechanical property of our SWCNT/graphene and graphene 

composite film, the bending study was evaluated with a home-made resistance sensing based bending 

tester. As demonstrated by Figure 2-5a, the pristine graphene/PET composite showed sensitive 

resistance changes to bending. When bending radius of ~6.7 mm was applied, the sharp increase of 

resistance changes was observed. In contrast, when SWCNTs were uniformly coated on the 

graphene/PET composite by using the air spray deposition method, highly stable resistance was 

observed upon bending when SWCNT solution amounts were increased over 3 ml. For example, 237 % 

of resistance increment was observed at a bending radius of 2.7 mm for pristine graphene/PET 

composite. However, small decrement of resistance changes (6 %) was observed for SWCNT (4 

ml)/graphene/PET composite. This was attributed to the uniform coating of SWCNTs, and reinforced 

single layer graphene under tensile strength by retaining their uniform networks in π-π stacked structure 

of SWCNT/graphene composite. Figure 2-5b shows the resistance changes as a function of bending 

cycle. Each composite was bent for 2,000 cycles at a bending radius of 2.5 mm and linear resistance 

change was recorded in real time. The larger increment in linear resistance was observed for pristine 

graphene/PET composite. In contrast, lower resistance change for SWCNT/graphene composite was 

observed. All composites presented linear increment of resistance during bending; however, the change 

of linear resistance under constant 2,000 bending cycles of (ΔR) was only 1.7 % for the SWCNT (4 

ml)/graphene/PET film but 9 % for the pristine graphene/PET. where ΔR = (Rf - Ri) / Ri. (Rf: final 

resistance value, Ri: initial resistance value). Since SWCNT/graphene/PET composite showed stable 

resistance changes under bending, the composite was fabricated as strain sensor to demonstrate as a 

wearable device application. Figure 2-5c demonstrates a strain sensor fabricated by using a 

SWCNT/graphene/PET composite in a human finger (effective bending radii: ~4 mm). The strain 

sensor produced electrical signals when the index finger bends or extends. The SWCNT/graphene/PET 

composite expressed stable electrical properties under bending condition, and a highly reproducible 

resistance change was obtained during finger actions. The origin of the large differences in mechanical 

and electrical stabilities of the pristine single layer graphene and the SWCNT/graphene composite on 

PET under loads was investigated by analysing the surface morphologies of pristine graphene/PET and 

SWCNT/graphene/PET composites after performing bending cycles between 100 and 2,000 times at a 

bending radius of 2.5 mm. As indicated in Figure 2-5d-e, clear white strip lines (indicated by white 

arrows) perpendicular to the bending direction was observed after bending the pristine graphene/PET 

composite. When bending cycles increased from 100 to 500, the widths and densities of the white strip 
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lines increased significantly. We assumed same phenomenon would have happened on the 

SWCNT/graphene/PET composite if the white strip lines were grooves in the PET origin from the 

deformation upon bending; however, white strip lines were barely generated on the 

SWCNT/graphene/PET composite even after bending the composite film more than 1,000 times (Figure 

2-5f-g). This implies that the white strip lines are the line defects generated in the graphene layer during 

bending. According to the mechanical property analysis result, we believe that the SWCNT 

incorporation with graphene/PET composite is effective for inhibiting the defects formation in the 

graphene layer under various strain, resulting in the enhancement of mechanical and electrical stabilities. 
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Figure 2-5. (a) Bending study and analysis of single layer graphene/PET and SWCNT/graphene/PET 

composite was performed by using homemade bending analyzer at various bending radii. (b) Electrical 

resistance changes of single layer graphene/PET and SWCNT/graphene/PET composites as a function 

of bending cycles at a 2.5 mm bending radius, (c) Smart bandage wearable sensor fabricated by SWCNT 

(4 ml)/graphene composite film attached on a human finger as a function of time. (d,e) SEM images of 

single layer graphene/PET composite bent at (d) 100 and (e) 500 times. (f,g) SEM images of SWCNT 

(1 ml)/graphene/PET composite bent at (f) 1000 and (g) 2000 times. 
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2.5 Doping Methods for Graphene and SWCNT/Graphene Hybrid Composite 

 

2.5.1. Chemical doping of graphene films. 

 

 Various defects on graphene significantly hinder its property. In addition, graphene is known as a semi-

metal which band-gap does not exist. Thus, many researches have put large efforts to enhance graphene 

property by doping to modify its electronic properties. To enhance the electrical property of graphene 

films, Fermi level of graphene’s zero-gap band structure must be shifted away from the Dirac point by 

adjusting the carrier concentration of the graphene layer. The shift of Fermi level can be performed by 

various methods such as chemical doping48, electrostatic gating49, or a metal contact50, resulting in the 

modification of graphene electrical performance. For instance, electron (n) or hole (p) doping can be 

obtained by incorporating other atoms such as boron or nitrogen. During graphene growth, such foreign 

atoms can be directly inserted into the carbon lattice. Typically, N-doped graphene are formed during 

the growth of graphene at in-plane edges or defective sites of graphene because they are more 

chemically active than less defective plane of graphene51. Similarly, B-doped graphene are formed at 

in-plane edges or defective sites by B-C bond and B-O bond52. Doped graphene can also be obtained 

through the molecular adsorption on its surface. For instance, treatment of AuCl3 solution, AgNO3 

solution, Au and Ag particles can be generated on the surface of the graphene layer by the continuous 

reduction of metal ions (hole doping process), which may up-shift in the surface potential and electrical 

performance. Nitric acid (HNO3) doping is another example of a molecular adsorbate that can be 

introduced for effective p-doping on graphene layers53.  

 

2.5.2 Opto-electronic Property of AuCl3 doped Graphene, and SWCNT/Graphene composites 

 

To achieve electrical property of graphene for industrial criteria TCEs, sheet resistance ≤ 100 ohm/sq 

and transmittance ≥ 90 % at visible range must be obtained. Opto-electronic property of pristine 

graphene/PET and SWCNT/graphene/PET composites were enhanced significantly by introducing the 

AuCl3 solution for chemical doping. The doping process was performed by treating the composites with 

20 mM of AuCl3 dissolved in nitromethane solvent, which was then spin-coated on the graphene/PET 

or SWCNT/graphene/PET composites at 3,000 rpm for 30 seconds. Figure 2-6a presents chemically 

doped composites after spin-coating of AuCl3. The sheet resistance of the SWCNT/graphene composite 

coated with 1, 2, 3, and 4 ml of SWCNT solution was reduced to 140 ± 47, 133 ± 21, 107 ± 12, and 105 

± 15 ohm/sq while showing only 1 % of transmittance decrement at visible ranges, respectively, in 

conjunction with enhanced carrier densities in all samples compared to the undoped samples. The 

enhancement in the sheet resistance was attributed to the fact that AuCl3 got reduced by the electrons 

transferred from the 2-dimension hybrid carbon film due to the large reduction potential difference 
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between AuCl3 and graphene (or SWCNTs), resulting in the positively charged 2-dimension carbon film, 

as reported in many literatures. 

 

 

Figure 2-6. (a) Evaluation of sheet resistance and carrier densities of AuCl3 doped 

SWCNT/graphene/PET composites by varying SWCNT amount solution. 

 

2.5.3 Raman Spectroscopy and TEM Analysis of doped graphene and graphene/SWCNT 

composites 

 

The hole doping process by introducing AuCl3 doping solution on a carbon composite blue shifted the 

G band of graphene/PET or SWCNT/graphene/PET composites via the phonon hardening phenomenon 

in the Raman spectrum (Figure 2-7a). In addition, reduced Au nanoparticles from Au3+ on the 

SWCNT/graphene composite film were observed by SEM (Figure 2-7b). We noted that Au 

nanoparticles were formed along with side walls and junctions of each SWCNTs, resulting in the 

enhancement of electrical properties in the AuCl3 doped SWCNT/graphene/PET composite. The 

intercalation of Au nanoparticles may have gradually reduced contact resistance between each SWCNT 

strands. This indicates that there are more chances to enhance opto-electronic properties of the 

SWCNT/graphene based TCEs by optimizing the physical and chemical properties of graphene during 

and after growth process. 

 

 

Figure. 2-7 (a) Raman spectra of SWCNT/graphene/PET composite and AuCl3 doped 

SWCNT/graphene/PET composites. (b) SEM images of AuCl3 doped SWCNT/graphene/PET 

composite. An inset image indicates gold nanoparticles intercalated in between each SWCNT bundles. 
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2.5.4 Thermal Stability of doped Graphene and SWCNT/Graphene Hybrid Composite and X-ray 

Photoelectron Spectroscopy Analysis 

 

Previous studies have showed that the chemical doping of SWCNTs or graphene can significantly 

improve the opto-electrical properties. However, chemical doping of carbon materials is unstable 

because of easily desorbing dopant under mild temperature and ambient conditions. Thus, we analyzed 

thermal stability of chemically doped graphene/PET or SWCNT/graphene composites by measuring 

the sheet resistance changes under different temperatures at 50, 100, and 150 ˚C for 30 min(Figure 2-

8a). It is noted that no significant changes were observed when composites were left at temperature 

under 100 ˚C; however, the sheet resistance of AuCl3 doped graphene and graphene/SWCNT composite 

was significantly increased upon annealing at 150 ˚C. The sheet resistance of AuCl3 doped graphene 

was increased by 155 % when compared to the composite before heating. In contrast, AuCl3 doped 

SWCNT (4 ml)/graphene composite only showed 25 % increment of sheet resistance after heating. This 

strongly indicate that AuCl3 doped SWCNT/graphene composite possess higher thermal stability than 

AuCl3 doped graphene/PET substrate. The XPS study was performed to analyze the enhanced thermal 

stability of AuCl3 doped SWCNT/graphene composite by studying the modified chemical states in the 

remaining dopants from AuCl3 after heat treatment at different temperature. Here, the normalized 

intensity as the ratio of intensity was defined at given temperature with respect to intensity obtained at 

room temperature. As indicated by Figure 2-8b-c, the normalized intensity of Au3+ peaks in AuCl3 doped 

graphene/PET composite was diminished and the Cl- peaks almost disappear when composite was 

treated at 150 °C for 30 min (left panels in b,c). In contrast, AuCl3 doped SWCNT/graphene composite 

showed large amounts of dopant (Au3+ and Cl-) still retained after heating process. This indicate that 

charge transfer from dopants are more stable and strongly adsorbed on the SWCNT/graphene composite. 

From inset image of Figure 2-7b, it can be noted that SWCNT networks are assembled by individual 

tubes and provide many interstitial sites such as vacant spaces centered in the triangular-shaped 

nanotubes or groove sites. These sites may provide higher attractive potential energy than the flat 

graphene surface. Therefore, enhanced binding energy at such sites with higher specific area can 

improve the thermal stability of chemically doped SWCNT/graphene composite. 
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Figure 2-8. (a) Thermal stability evaluation of AuCl3 doped single layer graphene/PET and 

SWCNT/graphene/PET composites. (b,c) The XPS analysis of normalized intensities of (b) Au3+ and 

(c) Cl- 2p3/2, Cl 2p1/2 peaks in XPS spectra of AuCl3 doped, graphene/PET (left panels) and 

SWCNT/graphene/PET composites (right panels) by varying annealing temperatures. 

 

2.6 Conclusion 

 

High performance and bending durable SWCNT/graphene composite based TCE was fabricated by 

facile air-spray coating of SWCNTs solution on a copper/graphene assembly followed by wet-transfer 

process to a transparent PET film. By studying and optimizing the CNT coating technique, the 

SWCNT/graphene composite based TCE performance including optoelectronic properties, mechanical 

durability, and thermal/electrical stability were enhanced significantly. It was presented that the 

SWCNT/graphene composite provide most effective form of TCEs, compared to CVD grown single 

layer graphene or SWCNT only films. The observation of the as-prepared SWCNT/graphene composite 

based TCEs after numerous bending study indicates that the SWCNT/graphene composite based TCEs 

exhibited excellent bending durability and electrical properties. In addition, we believe that further 

enhancement of such properties can be improved by incorporating metallic or higher aspect ratio 

SWCNTs. 
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Chapter 3. Modified Polyol Synthesis of Silver Nanowire by Using Continuous 

Flow Method 

 

3.1 Introduction 

 

Highly conducting 1-dimension nano-materials have received great attentions due to its increasing 

demands for plastic electronics in displays, touch screens, solar cells, and light emitting diodes (OLEDs) 

with addition to their excellent optoelectronic, catalytic, and flexible properties. Unlike indium tin oxide 

(ITO), highly conducting 1-dimension metal nano-materials exhibit high flexibility thus providing 

various applications for flexible transparent conducting electrodes (TCEs). Although ITO exhibit 

excellent optoelectronic properties, its growing cost and poor mechanical property limits its 

potentialities toward to future applications. Many attempts were made to replace ITO, for example, 

carbon nanotubes/fibres, metal wires, highly conducting polymer, high quality graphene, and metal 

grids were introduced for various applications. However, trade-off characteristic between optical and 

electrical property does not match up with commercial demands for transparent conducting electrodes 

(TCE). Among many alternatives, silver nanowire (AgNW) is one of the most promising material that 

can replace ITO, because they have very high ratio of DC conductivity to optical conductivity, requires 

simple fabrication process with environment-friendly solution-based synthesis method, and easy to 

scale up for various industry applications. Numerous AgNW synthesis methods have already been 

reported such as; hydrothermal54, microwave-assistance55, photo-inducted56, and polyol method57. 

However, most of the silver nanowires in now days are synthesized by using a polyol method due to its 

simple and high-quality production. Yet, the sensitive experimental condition of AgNW synthesis limits 

polyol method to batch production. Although high aspect ratio of AgNWs by using a polyol method 

was reported by several research groups, their reaction time is often too long, and require very high 

reaction temperature (> 200 ˚C). Some studies insist that polyol synthesis of AgNWs can also be 

affected by adjusting the stirring speed of magnetic bar which can influence the reaction kinetics by 

changing the local concentration of Ag ions or break the AgNWs due to the shearing force58. Since 

conventional polyol method of AgNW synthesis is highly sensitive for stable and uniform synthesis of 

AgNWs, it is necessary to develop an efficient way to obtain high quality AgNWs. Micro and milli 

fluidic synthesis methods are very useful to prepare 0-dimension, and 1-dimension nanomaterials59. By 

utilizing the fluidic synthesis method, it can offer several benefits when compared with macroscale 

chemical reactors such as; in-situ real time reaction monitoring, rapid screening of parameters, low 

chemical use during reaction condition optimization, enhanced heat transfer and reproducibility. 

Recently, Gottesman et. al. introduced microfluidics to apply continuous flow method for AgNW 

synthesis60 and Chou et. al. demonstrated AgNW synthesis by using a continuous flow method by 
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introducing a tubular glass coil61. Although few AgNW synthesis methods by using a continuous flow 

method were reported, most of the AgNW products lack in high aspect ratio and selectivity. In this 

study, we demonstrated one-pot synthesis of AgNWs by using a continuous flow method. High aspect 

ratio AgNWs (~ 30 µm in length, ~ 25 nm in diameter, and an aspect ratio of 800) were obtained by 

using PVP (polyvinylpyrrolidone), NaCl (sodium chloride), and NaBr (Sodium bromide) as the capping 

and seeding agents. Compared to other reports, our method requires very short reaction time (11.5 min), 

at a moderate reaction temperature (160 ˚C) for AgNW synthesis. With help of sedimentation assisted 

recovery method, high purity AgNWs were obtained and applied to fabricate TCE (transparent 

conducting electrode) and wearable devices which show a low sheet resistance of 23 Ω/sq and high 

transmittance of 94.5 % at 550 nm and exhibit highly stable resistance upon stretching when 

incorporated with silver nanoparticles (AgNPs). 

 

3.1.1 Mechanism of Polyol Synthesis of Silver Nanowires 

 

Various nanostructure can be fabricated by “polyol” method which is generally applied to synthesis 

various metal nanoparticles and nanowires. At the initial stage of AgNW synthesis, heating silver ions 

with ethylene glycol and capping agent will help silver particles to grow into various Ag nano-structure. 

During reduction of Ag+, homogeneous nucleated AgNPs are well dispersed in organic solvent with 

help of a polymeric surfactant PVP which could act as steric hindrance and chemically adsorbed onto 

the surfaces of Ag through O–Ag bonding62. PVP has a strong affinity on various chemicals to form 

coordinative compounds due to the strong polar group from polyvinyl skeleton (pyrrolidone ring). The 

C=O polar groups in PVP interact with Ag+ ions and form coordinating complex. When the dispersion 

of AgNPs is continuously heated at 160 °C, the small nanoparticles progressively disappears to form 

larger one via the Ostwald ripening process. PVP which is a structural directing agent, adsorb onto 

specific sites of Ag nanoparticle and to grow into rod-shaped structures. The growth process would 

continue until all the AgNPs were completely consumed and only nanowires survived. Addition of 

seeding particles by introducing metal halide such as sodium bromide (NaBr), sodium chloride (NaCl), 

copper chloride (CuCl), iron chloride (FeCl3) also helps to grow AgNWs with high aspect ratio63. 

Typically, the high concentration of Ag+ ions in the reaction solution can cause various structure 

formation of Ag. However, by adding metal halide, (i.e. CuCl, NaCl), the high Cl− concentrations induce 

M•Cl2 formation and effectively reduce the free Ag+ concentration in the reaction system by generating 

AgCl. Subsequently, slow release of Ag+ will also contribute high-yield generation of the multiply 

twinned Ag seed which is thermodynamically more stable for growth of AgNWs. When enough number 

of multiple twinned form the nanoparticles, the PVP associates and bind preferentially. This selective 

bind of PVP result in 1-dimension growth of fivefold twinned nanowires. 
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3.2 Experiment 

 

3.2.1 Polyol Synthesis of Silver Nanowires by Using Continuous Flow in a Capillary Tube 

 

Here, we synthesized AgNWs by using a continuous flow method with home-made glass 

tubular reactor (Figure 3-1). The chemical agents used are as follow: Silver naitrate (AgNO3 ≥ 

99.0 %), sodium chloride (NaCl, ≥ 99.0 %), sodium bromide (NaBr, ≥ 99.0 %), polyvinylpyrrolidone 

(PVP, MW: 360,000), and ethylene glycol (EG, anhydrous, 99.8 %) were purchased from Sigma 

Aldrich and used without further purification. An ammonia water (25-30 %) was purchased from Junsei 

Chemical Co., Ltd. In brief, AgNWs were synthesized by using a modified polyol synthesis method. 

First, 1.008 g of PVP was dissolved in 30 ml of EG. Separately, two sets of seeding solutions (NaCl 

and NaBr) were prepared at molar concentration ranging from 0.1 to 2.0 mM). After complete 

dissolution of PVP in an EG solvent, an appropriate amount of seeding solutions was added and well 

mixed for an hour at room temperature. Next, 0.509 g of AgNO3 was dissolved in an EG solution 

containing PVP, NaCl, and NaBr, for 10 min at room temperature. The obtained mixture solution is 

transferred to a glass syringe and the solution was inserted to a continuous flow reactor by using a 

syringe pump for AgNW synthesis. The temperature of a continuous flow reactor was set at 160 ˚C and 

the retention time was precisely controlled by adjusting the syringe pump injection speed.  

 

 

Figure 3-1. (a) A schematic illustration of AgNW synthesis by using a continuous flow method. (b) A 

photo image of AgNW reaction solution passing through a capillary tube. The inner diameter of 

capillary tube is 1.2 mm. A white arrow indicates synthesis of silver structure during flowing the 

solution. (c) A photo image of AgNW solution recovered through outlet of a capillary tube. (d) A photo 

image of AgNWs wrapped with PVP after the acetone treatment. (e) A SEM image of AgNWs wrapped 

with PVP after the acetone treatment. A blue arrow indicates AgNWs arrayed in to one direction. 
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3.2.2 Relationship Between Molar Ratio of Polyvinyl pyrrolidone and AgNO3, and seeding 

condition 

 

By using a solution-phase method, various metals can be synthesized into monodisperse nanoparticles 

with specific compositions and structures in large amounts. Despite this, controlling shape of metal 

nanoparticles is very difficult. In general, most of the face centered cubic (FCC) structure metal 

nanoparticles tend to grow into multiply twinned structure with surfaces bounded by the lowest energy 

{111} facet. Other less stable structures and shapes of metal nanoparticles are generally obtained by 

adding chemical structure directing agents (capping agents) during the synthesis. There are reports that 

addition of PVP during the metal nanoparticle growth reaction effectively passivate (100) faces of the 

multiply twinned particles and leave (111) planes active for nanowire growth at [100] direction64. 

During nanowire growth, Ag+ ions are continuously supplied and with help of PVP, multiply twinned 

particles eventually grow into Ag nanowires. Thus, it is very important to optimize molar ratio of PVP 

to AgNO3 for obtaining high aspect ratio of AgNWs. It has been reported that such optimization of 

molar ratio between PVP to AgNO3 is very effective for controlling selectivity of AgNWs from AgNPs 

with addition to controlling the aspect ratio65. For instance, when the molar ratio of PVP:AgNO3 is too 

low, the passivation of {100} faces of MTP is not enough which lead to growth of Ag nanostructure on 

both {111} and {100} faces. This result in growth of AgNWs with large diameters. In addition, the 

multiply twinned particles that failed to grow into nanowires aggregate and generates large quantity of 

nanoparticles. In contrast, when the molar ratio of PVP:AgNO3 is excessively added, very thin AgNWs 

are obtained. However, too much PVP can passivate all surface of AgNPs, and inhibit the growth of 

AgNWs. Thus, it is very important to optimize molar ratio of PVP:AgNO3 for AgNW growth. If there 

are too much of free Ag+ in the reaction system, various structure of AgNPs can be generated instead 

of obtaining Ag MTPs. This issue can be controlled by addition of metal halide. Introduction of seeds 

can effectively alter the nucleation process at the beginning stage of AgNW growth. There are many 

reports on AgNWs synthesis by using various nucleation agents. Typically, chlorine-based salts exhibit 

good results, and in particular NaCl is one of the mostly used salts. When there are nucleating agents in 

the reaction system, it affects the morphology of metallic seeds. In addition, NaCl in the system reacts 

with Ag+ to form AgCl nanostructure and reduces the free cationic silver ion concentration during initial 

seed formation. This result in slow reaction speed and enables the generation of more 

thermodynamically stable multiply-twinned Ag seeds which is required for nanowire growth66. In our 

system, control of molar ratio between PVP to AgNO3 did little effect on the growth of AgNWs in 

continuous flow system. As shown in the Figure 3-2, molar ratio of PVP to AgNO3 was modified and 

negligible difference was observed. Large quantity of AgNWs and AgNPs were observed together with 

almost every condition. Yet, direct evidence for such phenomena is lacking, it is believed that Ag MTP 

is not efficiently obtained when only PVP and AgNO3 condition was modified in the system. It can be 



２６ 

assumed that since milli-fluidic reaction system is effective for heat transfer, reaction speed was too 

much fast inducing amorphous AgNPs generation. By collecting AgNWs only, it was found out that 

when molar ratio of PVP to AgNO3 was 3, highest aspect ratio of AgNWs were obtained. 

 

 

Figure 3-2. (a-c) SEM images of AgNW synthesized by varying molar ratio of PVP:AgNO3. Molar 

ratio of 1, 3, 5 was used for AgNW synthesis respectively. (d) Length and diameter data of AgNWs by 

varying molar ratio of PVP to AgNO3 

 

Based on this condition, addition of metal halide method for seed was introduced to enhance the Ag 

MTP yield. Previously, various kinds of seeding reagent (for example, NaBr, FeCl3, AgCl, NaBr, and 

KBr) were studied for AgNW growth. The formation of AgX (X=Br, Cl) can reduce the concentration 

of free Ag+ in the solution and increase the Ag MTPs which is thermodynamically more stable. Figure 

3-3. represent a trend of AgNW length and diameter by varying the various seeding condition. When 

NaCl was introduced in the reaction system, large amount of AgNWs were obtained rather than AgNPs 

with 54.5 ± 28.53 nm and 19.65 ± 6.22 µm of diameter and length respectively. Conversely, highest 

silver products including AgNWs and AgNPs were obtained when NaBr was introduced in the reaction 

system with 30.73 ± 8.67 nm and 14.05 ± 7.21 µm of diameter and length respectively. In our reaction 

system, AgNW was the major product when Cl- introduced for growth of AgNWs; however, Br- worked 

better to reduce the diameter of the AgNWs. When Cl- was introduced in the reaction system, it can 

react with Ag+ to form AgCl and reduce the concentration of free Ag+ in the solution to generate Ag 

MTPs that can grow into AgNWs. However, large quantity of tiny Ag nucleus was generated when Br- 

was introduced in the reaction system. Yet, there are no clear evidence for such phenomenon, but 

previous reports stat that introduction of AgBr can enhance the reaction rate speed enormously. 

Although very tiny multiply twinned seed particles are generated which eventually became very narrow 

AgNWs, unstable small multiply twinned particles may transform into other shape particles via 

fluctuation before growing into nanowires.  
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Figure 3-3. (a-d) SEM images of AgNW synthesized by varying molar concentration of NaCl 0.1, 0.5, 

1.0, and 2.0 mM respectively. (e-h) SEM images of AgNW synthesized by varying molar concentration 

of NaBr 0.1, 0.5, 1.0, and 2.0 mM respectively.   

 

Accordingly, NaBr and NaCl were used together to obtain thin AgNWs by optimizing the appropriate 

level of nucleation rate. Figure 3-4 shows AgNWs synthesized by using NaCl and NaBr seed together. 

NaCl molar concentration was fixed to 0.5 mM where major product of AgNWs were obtained, and 

molar concentration of NaBr was varied to optimize the reaction condition (0.1, 0.3, 0.5, and 1.0 mM). 

As it can be seen from Figure 3-4a-d, many nanoparticles were observed as the molar concentration of 

NaBr was increased. Although highest aspect ratio was achieved when molar concentration of NaBr 

was 0.1 mM, the standard deviation error was very large which could be misleading data. Thus, the 

optimized and highest aspect ratio seeding condition in this experiment was set to 0.5 mM of NaCl and 

NaBr, and AgNWs with length and diameter of 22.49 ± 6.13 nm and 18.0 ± 6.34 µm with an average 

aspect ratio of ~800 was obtained.  
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Figure 3-4. (a-d) SEM images of AgNW synthesized by varying molar concentration of NaBr 0.1, 0.3, 

0.5, and 1.0 mM respectively. The molar concentration of NaCl was fixed to 0.5 mM. (f) Diameter and 

Length data of AgNWs. (g) Aspect ratio of AgNWs. 

 

With an optimized condition, reaction time study was performed by varying the reaction time at 6, 8, 

9, 10.5, 11.5, and 15 min (Figure 3-5a-f). The reaction time was controlled by adjusting the syringe 

pump speed. It can be noted that at the beginning stage of the reaction (<6 min), most of the seed and 

nanoparticles were observed as an aggregated form; however, AgNWs started to appear when the 

reaction time passed 8 min. When the reaction time exceeded 15 min, overgrowth of AgNWs were 

observed. It is noted that optimized AgNWs were obtained with the reaction of 11.5 min which is well 

suitable for industry scale synthesis of AgNWs by using a continuous flow method. Stable and 

reproducibility is also very important for an industry scale synthesis of AgNWs. When a glass tube was 

used for AgNW reaction, large amount of silver mirroring was observed as reaction time elapsed. In 

addition, change in aspect ratio of AgNWs were observed as reaction continued from 0 to 30 min, 

indicating that non-uniform of AgNWs products were obtained (Figure 3-6a-b). Figure 3-7a-f shows 

reproducibility of AgNW synthesis by using a continuous flow method for up to 8 hours. Unlike a glass 

capillary tube, Teflon capillary tube can efficiently pass the solution during the reaction and prevent the 

silver mirroring effect on its wall. As it can be seen from Figure 3-7f. diameter and length distribution 

stayed similar although the AgNW production was continued up to 8 hours.  
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Figure 3-5. SEM images of AgNWs by varying reaction times (a) 6min, (b) 8 min, (c) 9 min, (d) 10 

min 30 sec, (e) 11 min 30 sec, (f) 15 min 

 

 

Figure. 3-6. (a) A photo image of AgNW synthesis by using a Teflon tube. Red arrows indicate silver 

mirroring during synthesis of AgNW by using a continuous flow method. (b) Length and diameter data 

of AgNW synthesis when glass capillary tube was used. 

 

 

 

 

 

 



３０ 

 

 

 

 

 

 

 

Figure 3-7. (a-e) SEM images of AgNWs coated on a Si/SiO2 substrate. AgNWs were synthesized 

continuously by using a continuous flow method up to 8 hours. (f) Diameter and length data of AgNWs 

synthesized continuously by using a continuous flow method up to 8 hours. 
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3.3 Purification of Silver Nanowires 

 

3.3.1 Silver Nanowire Purification Method and UV-visible Adsorption Analysis 

 

When AgNWs are synthesized by using polyol methods, it is inevitably to avoid silver nanoparticles, 

small and thick silver nanorods as a side product. It is very important to selectively obtain highly pure 

AgNWs for practical applications. Conventionally, running numerous centrifugation cycles to separate 

AGNWs and side products was widely used. However, this process is time-consuming and sufficient 

purity of AgNWs were not obtained. Pradel and co-workers recognized a cross-flow filtration method 

to purify NWs; however, the yield of this method is highly dependent on many factors such as NW size, 

pore size of the fiber membrane, flow rate, and pressure, and lack in scalability. Thus, it is very 

important to develop a simple, convenient, and scalable method for separating nanoparticles from NWs. 

Here, we focused on the PVP adhered at the side wall of AgNWs. Since PVP is inevitably used for 

AgNW synthesis, it often contains small trace of PVP after AgNW synthesis is terminated. Since higher 

surface area for PVP adhesion is provided for AgNWs when compared with AgNPs, there are higher 

probability for AgNWs to settle at the bottom of the solution after time elapse. In addition, PVP is 

known for not soluble in acetone solvent. Thus, treating AgNW solution with acetone will accelerate 

AgNWs to settle at the bottom of the solution. In detail, when AgNW synthesis was completed, the 

AgNWs were purified by following steps: First, 5 ml of Ammonia solution was poured into a 15 ml of 

AgNW solution containing centrifugation tube. Then, acetone was slowly inserted with 5 ml steps until 

the small amount of floating precipitates were observed. As soon as the precipitates were observed, the 

solution was centrifuged at 500 rpm for 1 min. The aggregated AgNWs settled to the bottom of the 

centrifugation tube whereas, short AgNWs with nanoparticles were removed by pipet. The aggregated 

AgNWs were re-dispersed by adding 15 ml of distilled water containing 0.5 wt. % of PVP. Again, an 

acetone was slowly inserted with 5 ml steps until the small amount of floating precipitates were 

observed and centrifuged at 500 rpm for 1 min. The whole steps were repeated 5 times to obtain high 

purity AgNWs. As it can be seen from Figure 3-8a-d, as purification steps increased and reached 5 

times, pure AgNWs without any AgNPs were obtained. It was also confirmed by a SPR spectrum, 

which is used widely to evaluate the size and shape of the AgNWs by studying the SPR bands that 

appear at different frequencies. The previous study has indicated that the main SPR signals for AgNWs 

with diameter ranging from 30-60 nm were observed between 372 and 380 nm. These peaks are known 

for the transverse mode of a 1D material with pentagonal cross sections, corresponding to out-of-plane 

quadrupole and dipole resonance modes. As it can be seen from Figure 3-9. the SPR absorption band 

clearly shifts to the lower wavelength as the purification process is repeated. This is due to the selective 

elimination of thick and small nanorods by the purification method proposed here (Figure 3-9a-b). 
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Figure 3-8. Purification of AgNWs by using non-solvent precipitation method. The AgNWs were 

purified (a) 0, (b) 1, (c) 3, and (d) 5 times 

 

 

Figure 3-9. (a,b) UV-Vis absorption spectrum of AgNW solution. 
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3.4 Figure of Merits of Silver Nanowires Synthesized by Continuous Flow Method  

 

3.4.1 Surface Characterization and Structure Analysis of Silver Nanowires by Using Scanning 

Electron Microscope and X-ray Photoelectron Spectroscope 

 

Generally, AgNW grows along [100] direction which exhibits a penta-twinned structure bound by five 

(100) planes and five triangular (111) facets joined at the tip which is shown in an inset SEM image of 

Figure 3-10 a. The lattice spacing of AgNWs was determined to be 0.238 nm, which agrees with the d 

value of the (111) plane of Ag (Figure 3-10b), and an inset image represent the Fourier patterns which 

corresponds to the single crystal with the FCC structure along the <100> zone axis direction. The FCC 

structure of AgNW was examined by X-ray diffraction (XRD) pattern. Figure 3-10c present XRD 

patterns and four diffraction peaks were assigned to (111), (200), (220), and (311) planes. The lattice 

constant calculated from the XRD pattern, according to the lattice spacing of the (111) planes are 4.102 

Å , which is similar to the reported data value of 4.086 Å  (A Joint Committee on Powder Diffraction 

Standards file No. 0-0783). 

 

 

Figure 3-10. (a) A SEM iamge of AgNW networks spin coated on a Si/SiO2 substrate. An inset image 

with a blue arrow indicates an AgNW with multiply twinned decahedral structure. (b) A HRTEM 

images of a silver nanowire. A white arrow indicate an AgNW was coated with PVP. (c) A XRD 

analysis of AgNW networks spin coated on a glass substrate.  

 

3.4.2 Opto-electronic Properties of Silver Nanowire Coated Transparent Conducting Electrode 

 

The obtained AgNWs were dispersed in the mixture of IPA/distilled water at an optimized density of 

0.3 mg/ml and spin coated on the Si/SiO2 and polyethyl terephthalate (PET) substrate to examine its 

morphology. As it can be seen from SEM images in Figure 3-11a-d, high aspect ratio of AgNWs were 

well synthesized and coated on a Si/SiO2 substrate. Since AgNWs were grown from Ag MTP seed, it 



３４ 

is also noted that the end of AgNWs had MTP structure. For uniform coating of AgNWs, the AgNW 

solution was spin-coated on a Si/SiO2 and PET substrate for further investigation. AgNWs density can 

be uniformly coated on the substrate by increasing the number of coating from 1 to 4 times. It is noted 

that, high speed coating of AgNWs resulted in less AgNWs on a target substrate; however, low speed 

coating resulted in dense drop lets of solution residues which left coffee-ring effect and aggregation of 

AgNWs. In the experiment, we set the optimization AgNWs coating speed at 2000 rpm for 60 seconds. 

Changes in sheet resistance trade-off characteristic in PET substrate. As coating number increased, 

sheet resistance significantly dropped and showed saturation pattern after it exceeds two times coating 

number (Figure 3-11e). The transmittance characteristic was analyzed and showed the drop trend as the 

coating number increases (Figure 3-11f). It is noted that 29 ohm/sq and 94.5 % of transmittance at 

visible ranges were obtained which is comparable to ITO we use nowadays. 

 

 

Figure 3-11. SEM images of purified AgNW solution (2 mg/ml) on a Si/SiO2 substrate spin-coated at 

3000 rpm. The AgNWs were spin-coated (a) 1, (b) 2, (c) 3, and (d) 4 times. (e-f) Sheet resistance and 

transmittance data of AgNWs spin-coated on a PET transparent substrate with different number of 

coating. 
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3.5 Conclusion 

 

High aspect ratio AgNWs were synthesized by using a continuous flow method. In contrast to 

conventional method, we obtained high quality AgNWs within 11.5 min, and the reaction was stable 

for more than 8 hours. In addition, high purity of AgNWs were obtained by purification method. By 

controlling precise volume ratio between acetone and PVP/distilled water solution, AgNWs were 

effectively separated from AgNPs by precipitation with a little help from low speed centrifugation. The 

optimized condition of AgNWs solution were spin-coated on a transparent substrate and 29 ohm/sq at 

transmittance of 90 % at visible range of wavelength was obtained. We believe that such continuous 

flow method has great potential for industry level scale fabrication of AgNWs and used for various 

applications that can replace ITO soon.  
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Chapter 4. Highly Stable Multilayer-Graphene/Silver Nanowires Composite Film 

with Colorless Polyimide Substrate for Opto-electronic Applications 

 

4.1 Introduction 

 

Development of technology is getting faster than before, people are requesting products they often 

watch in the science fiction. Size of transistors in a dense integrated circuit are gradually decreasing 

every year, and many electronic devices are getting smaller with better performance. In now days, we 

often talk about wearable devices with fifth generation mobile networks (5G) and expect facile 

communication between electronic devices to human. For such purpose, transparent conducting 

electrodes (TCEs) in display technology will get very important. In the past, the main issues for a TCE 

were electrical conductance and optical transparency at visible ranges. Substrate’s rigidity, flexibility 

were not major issues since electronics such as television, cellular phone, and monitors did not require 

to be bent. However, big firms such as Samsung and Apple are producing electronic devices that has 

certain curvature in now days. Smart watch, curved TV and monitors are one of customers favorite. 

Another issue in TCE is a material stability. There are some cases where electronic device products 

must endure under harsh environment. Such harsh environment includes high temperature, high humid, 

or high impact conditions. For instance, batteries often get explosion when a running temperature of a 

device gets too high. Car batteries do not operate at low temperature. Smart windows may malfunction 

under humid day condition. Thus, achieving high electrical properties with high transmittance with 

addition to excellent mechanical properties and long-term stability are very important issues for an 

electronic device for future applications. In this chapter, flexible TCE with long-term stability will be 

discussed. 

 

4.1.1 Performance of Various Transparent Conducting Electrodes 

 

 Emerging new materials for TCEs include of CNTs, graphene, conducting polymers, metal nanowires, 

and metal grids. Typically, TCEs in various applications must present sheet resistance of Rsh < 100 

ohm/sq, with transmittance of T > 90 % in the visible ranges. For large-scale display, it requires better 

performance, such a sheet resistance must show Rsh < 5 ohm/sq. With excellent opto-electrical property 

of CNTs, it was proposed for next generation alternative TCE material. However, their potentiality is 

limited with high contact resistance from nanotube-nanotube contact. Thus, CNT is still far from 

practical applications. CVD grown graphene is another example of highly TC material for various TCEs 

applications. Among many graphene growth technique, CVD method is most applicable method to 

obtain large area, high crystalline graphene layers. The CVD method of graphene growth by using 
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transition metal catalyst (Ni and Cu) can produce high quality films when compared to graphene oxide. 

The CVD method of graphene is generally processed in a vacuum condition which is expensive than 

other deposition technique; however, a processing cost can be reduced when it is applied in industry 

scale production since low/high pressure CVD method is already being used in many current 

microelectronic industries. For instance, Kong’s group and Hong’s group reported graphene growth on 

a polycrystalline Ni film67,68. The graphene was transferred to a plastic or glass substrates by a wet-

transfer method using sacrificial polymer layer such as PMMA or PDMS. These TCEs present 700-

1,000 ohm/sq T=90 % and 280 ohm/sq T= 76 % respectively. For single layer graphene TCE grown 

from a copper foil often present better performance than the graphene obtained from nickel foil and 

exhibit (350 ohm/sq T= 90 %). Some report states that a four-layers of graphene (repeatedly transferred, 

p-doped) which exhibited 30 ohm/sq at T= 90 % can alternatively use to replace ITO. However, the 

excellent opto-electronic property of graphene can be only achieved through chemical doping, thus it is 

not suitable for TCEs in industry application. AgNWs can present high optoelectronic performance of 

25-54 ohm/sq with 90 % of optical transparency69. Recently many researchers tried to improve electrical 

performance by introducing effective washing methods, or various welding methods. For instance, 

AgNWs can be simply welded together by treating with heat70, Xenon lamp71, laser72 etc. There are 

reports of high-performance TCEs with hybrid structure of graphene and metallic nanowires. Despite 

to its high performance of AgNW based TCEs, long-term stability issue must be solved for practical 

applications. 

 

4.1.2 Environmental Stabilities of Various Transparent Conducting Electrodes 

 

CNTs and graphene are known for excellent inertness under various ambient conditions. They are 

stable at high temperature, high humidity, and acidic environments73. The high stabilities are attributed 

from CNTs and graphene possessing high crystalline structures with low defects. Thanks to long-term 

stability of CNTs and graphene, many electrical resistance-based sensors are demonstrated by using 

high crystalline carbon materials. It was reported that CVD graphene film transferred on a Si/SiO2 

substrate showed excellent stability of electrical conductivity under ambient conditions for 500 days74. 

Interaction between graphene and surrounding environments, such as oxygen, moisture and the 

substrate, could induce slight resistance changes (less than 10 %) of CVD graphene. Unlike highly 

stable carbon materials, AgNW stability is weaker than CNTs or graphene; it often gets sulfurized or 

oxidized under ambient condition. For high performance TCEs purpose, AgNWs are getting thinner 

than 100 nm in now days. Such small diameter can cause severe problems to instability and corrosion 

due to its high surface area to volume ratios. When AgNWs are exposed to air, they get disconnected 

when left in ambient conditions for less than 6 months which leads to electrode short. Humidity, high 

temperatures, light exposure, and electrical currents have all been found to accelerate AgNW 



３８ 

degradation75. As discussed earlier, several efforts were shown to enhance AgNWs stability 

significantly. For instance, AgNWs generally melt over 200 ˚C. It is reported that ZnO/MGO coating 

on AgNW networks via ALD process served efficiently as a protective layer from oxidation and 

detrimental process76. There are also report that coating of ZnO by using ALD process77 allowing 

AgNW networks to withstand thermal process at 300 ˚C. Hybrid structure of graphene with AgNW 

networks are also reported by numerous groups. Ahn and Liang reported coating of reduced graphene 

oxide can provide excellent barrier films to prevent oxidation under high temperature and high humidity 

conditions78,79. Nam and Xu used CVD graphene as a barrier film for AgNW protection. They applied 

wet transfer method to transfer high crystalline single layer graphene on AgNW networks to prevent 

AgNWs from oxidation and sulfurization. Polymer coating (Teflon80, and polyvinyl alcohol81, or 

parylene C82 was reported by Hu, Zhang, and Ahn, for barrier film on AgNWs. However, most of the 

research used expensive process method, or their barrier properties were not suitable for long-term 

stability for AgNW based TCEs.  

 

4.1.3 Transparent Polyimide for High Performance Transparent Conducting Electrodes 

 

There are various transparent polymer films used for fabrication of various optoelectronic devices. In 

recent of days, industry demand on optoelectronic devices is continuously increasing due to its high 

reliability, high transparency, and high integration. In addition, the transparent polymer films require 

higher temperature endurance property. For instance, one of the most favorably used display devices 

such as flexible thin-film transistor-based active matrix liquid crystal display (TFT-LCDs) or active 

matrix organic light-emitting display (AMOLEDs) requires fabrication process temperature on the 

flexible transparent polymer substrate over 300 °C. Current industry uses transparent polymer films 

which loses their transparency and mechanical properties when subjected into high temperature. 

Therefore, it is necessary to develop transparent and high temperature resistance polymer film for next 

generation display technology applications. Current transparent polymer films used widely in the 

industry can be classified with their glass transition temperature (Tg). Conventional transparent polymer 

films such as polyethylene terephthalate (PET, Tg: ~78 °C), or polyethylene naphthalate (PEN, Tg: 

~123°C) exhibit Tg < ~150 °C; however, high-temperature transparent polymer films such as 

polycarbonate (PC, Tg < 148 °C) can possess (100 ≤ Tg < 200 °C). There are polymer films that can 

endure at extremely high temperature Tg ≥ 200 °C. Aromatic polyimide (PI) is known to present 

excellent thermal endurance property up to 300 °C. However, its application is optoelectronic device is 

limited due to deep yellow colors with poor optical transparency. Typically, PI can be synthesized by 

using two different methods. First method includes polyimide synthesis by using two steps. In the first 

general polyamic acid (PAA) method, dianhydride and diamine monomers will first polymerize in N,N-
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dimethylacetamide (DMAc) to obtain PAA solution. The obtained PAA solution is sensitive to heat and 

moisture, which gets easily degraded at ambient condition. Coating PAA on a target substrate, and heat 

treatment from room temperature to elevated temperature allows it to get cured. This curing process 

evaporate solvents, but at the same time water molecules get removed which is often known as 

imidization process. Previous studies have reported that imidization process of PAA requires high 

temperature annealing (300-350 °C), which is necessary to completely transform PAA into PI. However, 

such process has deleterious effects. For example, high temperature can cause color of the PI films to 

become deep yellow. The second method includes soluble PI in organic solvents. For good solubility, 

flexible linkages (-O-, -CH2-, etc.), or bulky substituents (alkyl groups, phenyl, etc.), and unconjugated 

structure (aliphatic or alicyclic groups) are added into the reaction system during synthesis of polyimide. 

These chemical additions can increase the solubility of PI resins in organic solvents and better for 

further processing. 

 

4.2 Experiment 

 

4.2.1 Synthesis of Transparent Polyimide by Melt-Polymerization Method 

 

Here, we have developed facile and novel method for synthesis of PI. Conventional methods of PI 

synthesis often consume lots of time and requires numerous process steps (i.e. imidization of PAA). 

Instead, we have introduced melt-polymerization to obtain transparent and soluble PI powders. As it 

can be seen from the Figure 4-1, mixture of 4,4-(Hexafluroisopropylidene)Diphthalic Anhydride) and 

a,a’Bis(4-aminophenyl)-1,4-diisopropylbenzene) powders were put in an alumina boat with a molar 

ratio of 1:1. The mixture of each monomers in an alumina boat was put in a vacuum electro-furnace 

and annealed at 300 ˚C under low pressure vacuum for 1 hr. After melt-polymerization was over, fine 

yellow powders were recovered and collected for further analysis. As it can be seen from the Figure 4-

2a-b, each monomers present glass transition temperature between 165 – 250 ˚C. Thus at 300 ˚C, melt-

state monomers reacted together for PI synthesis. The melt-polymerized polyimide showed high 

resistance to thermal annealing, where it only presented 1 wt. % loss at 300 ˚C (Figure 4-2c). By using 

FT-IR analysis (Figure 4-2d), clear peak of imidization was observed indicating PI was obtained.  
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Figure 4-1. (a) A Schematics of polyimide synthesis method by using a melt-polymerization 

 

 

Figure 4-2. TGA data of (a) 6-FDA, (b) DDM, and (c) Polyimide. (d) FT-IR data of polyimide 
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4.2.2 Growth of Multilayer Graphene on a Copper Foil by Using a CVD Method 

 

Here, multilayer graphene was synthesized on a copper foil by using a CVD method. In brief, 

electropolishing of copper foil with 25-μm-thick thickness (Alfa Aesar, 99.8 % purity) was applied in 

phosphoric acid for 15 min for surface smoothening effect. After electropolishing, the copper foil was 

rinsed with highly pure water followed by isopropyl alcohol treatment. Before CVD growth, 

electropolished copper foil was air-oxidized at 200 ˚C for 30 min on a hot plate. The copper foil was 

loaded into a quartz tube and located at the bottom of a quartz tube. During growth process, the 

temperature of CVD system was increased to 1,050 °C within 35 min with a H2 gas flow of 200 sccm 

and maintained for 60 min to remove various oxides formed on a copper foil. Such process can smooth 

the copper surface, but also remove amorphous carbon as a form of CO. The graphene was synthesized 

by flowing CH4 gas and H2 gas (1 and 200 sccm respectively) for 120 min. After growth was over, the 

CVD growth was terminated under argon and vacuum condition.  

 

4.2.3 Fabrication of Transparent Conducting Electrode of Embedded Silver Nanowires Structure 

with Graphene and Polyimide  

 

AgNWs were synthesized by using a continuous flow method, and AgNW solution was prepared by 

dispersion of AgNWs in the mixture of IPA/distilled water at an optimized density of 0.3 mg/ml. For 

multilayer graphene/AgNWs/PI composite fabrication, AgNWs were spin-coated on a multilayer 

graphene/copper foil. Next, AgNO3 dissolved in a distilled water (0.035 mM) was spin coated on the 

AgNW/multilayer graphene/copper foil for 60 seconds at 2000 rpm with residual time of 15 sec. After 

welding of AgNWs, PI dissolved in dimethylformamide (DMF, 30 wt. %) was coated on a welded-

AgNWs/multilayer graphene/copper foil for direct transfer. The PI coated welded-AgNWs/multilayer 

graphene/copper foil was heat treated on a hot-plate at 50 ˚C for 30 min, 100 ˚C for 60 min, and 150 

˚C for 60 min for evaporation of solvent and well adhesion between welded-AgNWs/multilayer 

graphene/copper foil and polyimide film. Finally, copper foil was etched away by using an ammonium 

persulfate solution. 
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4.3 Figure of Merits 

 

4.3.1 Growth Mechanism of Multilayer Graphene on a Copper Foil by Using a CVD Method 

 

In CVD graphene growth, copper provides better control for uniformity and thickness of graphene 

through the self-limiting surface mechanism83. However, due to unavoidable various defects, single 

layer graphene grown by CVD methods on a copper substrate is not suitable for practical applications. 

CVD grown high crystalline graphene is also known to perform as an excellent barrier film for metal 

oxidation84. It is often reported that single layer graphene grown by using CVD method can prevent 

copper from oxidation under ambient, and high humid condition. Some reports also indicate that 

transferring CVD grown graphene on a metal nanowire can also efficiently prevent oxidation while 

maintaining its high transmittance85. However, due to defects present in CVD grown single layer 

graphene, long-term stability of barrier film property cannot be retained. For instance, CVD grown 

single layer graphene/copper assembly can get easily oxidized when put at 200 ˚C for 30 min86. The 

defects and copper oxide from oxidation process can be easily see by using microscope. Yet, these 

defects formation are impossible to avoid during CVD graphene growth process with current 

technology. Thus, high crystalline growth of bi- or multi-layer graphene is required to solve such 

problem. Recently there are reports that, introducing oxygen during CVD growth of graphene on a 

copper foil can result in large area of Bi- and multi-layer graphene87. By analyzing DFT calculation, it 

was reported that oxygen adsorbed on a copper foil can increase the adsorption barrier energy of carbon 

on a copper (i.e. Energy barrier for carbon do adsorb on pure copper (111) : 6.05 eV, oxygen pre-

adsorbed copper (111) : 7.04 eV). Additionally, pre-adsorbed atomic oxygen on a copper can 

dramatically decrease the activation barrier of all four de-hydrogenation steps of CH4. The pre-adsorbed 

oxygen on the copper surface can abstract hydrogen atom to form a hydroxyl, thereby increasing the 

dissociation probability. (i.e. The energy barrier for the CH4 initial dehydrogenation on copper (111) 

was 1.4 eV and 3.7 (4.3) eV with the presence of oxygen and without oxygen, respectively.) It is 

believed that fully de-hydrogenated carbon can diffuse through bulk of copper and become ad-layer of 

graphene beneath the first layer of copper. Thus, it can be predicted that if copper surface is exposed to 

fully de-hydrogenated carbon, multilayer graphene can be grown by diffusion of carbon through bulk 

of copper. Here, we controlled the growth rate of a graphene by changing the location of copper foil 

inside a quartz tube. As it can be seen from the Figure 4-3, copper foil was either put at the center or at 

the bottom of a quartz tube. This can easily modify the gas precursor concentration gradient during the 

graphene growth since each surface will be exposed with different amount of gas. For instance, when 

copper foil was loaded at the center of a quartz tube, full coverage of graphene was observed at the front 

and back side of a copper foil (Figure 4-3b-c). However, when copper foil was put at the bottom side 
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of a quartz tube, only full coverage of a graphene was observed on the front side of a copper foil and 

partial growth of graphene was observed at the back side of a copper foil (Figure 4-3f-g). Surprisingly, 

single layer dominant graphene was observed for a copper foil put at the center of a quartz tube; however, 

multilayer graphene growth was observed when a copper foil was put at the bottom of a quartz tube 

(Figure 4-3d,e). Since oxidized copper was used in the experiment, we tried the same experiment, but 

oxidized copper foil was replaced with pure copper foil. When as-prepared copper foil was put at the 

center of a quartz tube, we found complete single layer graphene growth on the front side of a copper 

foil (Figure 4-4a). In contrast, when as-prepared copper foil was put at the bottom of a quartz tube, 

small multi-layer patches of graphene flakes on a single layer graphene was observed on a front side of 

a copper foil (Figure 4-4b). It must be noted that multi-layer graphene was only observed only when 

back side of a copper foil was partially grown. Thus, it can be assumed that during the growth process, 

decomposed carbon from methane gas could first adsorbed on the back side of a copper foil and diffused 

through bulk of a copper and grew as ad layers of graphene below a first layer of graphene. From Figure 

4-4d, it can be noted that oxidized copper tends to show higher coverage of a multi-layer on the front 

side of a graphene. This also correlates to back side graphene coverage, where oxidized graphene tends 

to present lower coverage of graphene layer on a back side of a copper (Figure 4-4e). With such 

condition, we were able to enhance multi-layer graphene coverage on a front side of a copper by locating 

oxidized copper on the bottom of a quartz tube with increasing the reaction time. When reaction time 

was pro-longed to 120 min, almost fully covered multi-layer graphene was obtained at the front side of 

a copper foil (Figure 4-4f). To confirm the diffusion mechanism, a quartz substrate was wrapped with 

a copper foil and quartz wrapped copper was put at the bottom side of a quartz tube for graphene growth 

(Figure 4-5a). Interestingly, it was observed that complete single layer graphene was grown on the front 

side of a copper foil. Also, complete graphene growth on the front side of a copper foil was observed; 

however, no graphene growth was observed at the back side of a copper foil. It can be assumed that gas 

precursor was not able to penetrate inside a quartz wrapped copper foil, thereby, no graphene was grown 

at the back side of a copper foil (Figure 4-5b-d).  
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Figure 4-3. (a,e) Schematics of copper foil loading location during CVD graphene growth inside a 

quartz tube. (b,c) Optical images of graphene/copper foil after oxidation at 200 ˚C for 30 min. (d) An 

optical image of transferred CVD grown graphene from the front surface of copper foil. (f-g) Optical 

images of graphene/copper foil after oxidation at 200 ˚C for 30 min. (h) An optical image of transferred 

CVD grown graphene from the front surface of copper foil. 
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Figure 4-4. (a-c) Schematics of copper foil treatment and loading location during CVD graphene 

growth. Mono layer graphene growth was only observed when copper foil was located at the center of 

a quartz tube; however, large number of small multi-layer flake was observed when copper foil was 

located at the bottom of a quartz tube. Additionally, size of multilayer graphene flakes increased when 

a copper foil was oxidized. (d) Dependence of multilayer graphene coverage data by copper oxidation 

method. (e) Relationship between back side graphene coverage and copper foil oxidation method after 

graphene growth. (f) Relationship between multilayer graphene coverage data with growth time. 

 

 

Figure 4-5. (a) Photo and schematic images of Al2O3 substrate wrapped by a copper foil. (b-c) Optical 

microscope images of graphene/copper foil after 200 ̊ C annealing treatment. (d) An optical microscope 

image of graphene transferred on a Si/SiO2 substrate. 
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4.3.2 Embedded Silver Nanowires Structure with Graphene and Polyimide 

 

Various graphene/AgNW composite film has been reported by numerous research groups. In most of 

the cases, graphene is used as a barrier film to protect AgNWs from degradation under ambient 

conditions such as oxidation and sulfurization. Typically, graphene/AgNW composite film is fabricated 

by first coating AgNW networks on a substrate, and second wet-transfer of a graphene layer on spin-

coated AgNW networks substrate. Graphene oxide is also widely used for graphene/AgNW composite 

film for its facile method. However, these methods have some draw backs. Wet transfer of CVD grown 

graphene from a copper foil to AgNW substrate can lead tears of graphene during transfer process due 

to rough surface of AgNWs. Graphene oxide contain lots of defects and it’s not suitable for long-term 

barrier film. Unlike other reports, multilayer graphene/AgNW/PI composite film fabrication process 

was done on the multilayer graphene grown copper foil. It was very important to use multilayer grown 

graphene copper foil because, during copper foil etching process step, copper etchant solution can get 

contact with AgNWs through graphene defects since AgNWs are coated right above graphene layers. 

Figure 4-6a Illustrates schematics of multilayer graphene/AgNW/PI composite film fabrication process. 

First, multi-layer graphene was grown on a copper foil by using a CVD method. AgNWs were then 

spin-coated on a copper foil. By controlling the coating number on a MLG/Cu foil, density of AgNWs 

were well controlled. Next, AgNWs were welded by using chemical welding method. When welding 

process is over, transparent polyimide solution was coated on a welded-AgNW/multilayer 

graphene/copper foil for direct transfer. The PI coated welded-AgNW/multilayer graphene/copper was 

heat treated on a hot-plate at 50 ˚C for 30 min, 100 ˚C for 60 min, and 150 ˚C for 60 min for 

evaporation of solvent and well adhesion between welded-AgNW/multilayer graphene/copper foil and 

polyimide film. Finally, copper foil was etched away by using an ammonium persulfate solution. The 

welded-AgNW/multilayer graphene/PI composite film was transparent as shown if Figure 4-6b. 

Interestingly, embedded welded-AgNWs were observed by using SEM (Figure 4-6c-e). The embedded 

structure of AgNWs were well buried under multilayer graphene and tears and wrinkle of multilayer 

graphene crossing over AgNWs were observed. The multilayer graphene was analyzed by using Raman 

spectroscopy. High crystalline multilayer graphene was confirmed, and by analyzing random 100 spot, 

44 % of the multilayer graphene was AB-stacked where 56 % of the multi-layer graphene was randomly 

oriented (Figure 4-6f). 
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Figure 4-6. (a) A schematic illustration of MLG/AgNW/PI fabrication method. (b) a photo image of 

the composite film held by tweezer. (c-d) SEM images of MLG/AgNW/PI composite film. A purple 

and green arrow indicate graphene tear and wrinkle. (f) Raman spectrum of MLG grown on a Cu foil 

 

4.3.3 Opto-electronic Property of Multilayer Graphene and Multilayer Graphene/Silver 

Nanowires/Polyimide Composite 

 

As shown in Figure 4-7, opto-electronic property of CVD grown graphene and multilayer 

graphene/AgNW/PI composite was analyzed by using van der paw methods through hall measurement 

apparatus. Figure 4-7a show sheet resistance and transmission data of CVD grown graphene with 

respect to multilayer graphene coverage portion. Single layer dominant graphene exhibited 750 ± 30 

ohm/sq at 97.3 ± 0.3 % of transmittance at visible ranges. As multilayer graphene portion on a single 

layer graphene increased from 42, 70, and 98 %, the sheet resistance and transmittance at visible ranges 

also changed from 330 ± 41, 280 ± 47, and 246 ± 31 ohm/sq with 96.8 ± 1, 95.9 ± 1.1, and 95.4 ± 1.3 % 

respectively. Since scope of this experiment is to use graphene with high coverage of multilayer 

graphene, AgNWs were spin coated on a graphene with 98 % coverage of multilayer graphene. By 

changing the number of spin-coating of AgNWs from 1 to 4 times on a multilayer graphene layers, 
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sheet resistance and transmission at visible ranges were changed from 125 ± 17, 67 ± 13, 43 ± 13, and 

24 ± 5 ohm/sq with 93.1 ± 1.4, 91 ± 1.1, 88.7 ± 1.3, and 85.4 ± 1.2 % respectively (Figure 4-7b). It is 

well reported that opto-electronic properties of AgNWs largely depend on contact between each 

nanowires. In most of the cases, insulating polymer residue is adhered on the walls of AgNWs. Such 

insulating polymer can increase the contact resistance between each AgNWs. Thus, it is important to 

improve metal contact. In this experiment, chemical welding of AgNWs were applied to improve the 

contact between each AgNWs. In brief, 0.035 mM of AgNO3 solution was prepared and spin coated on 

an AgNW/multilayer graphene/copper foil at 2000 rpm for 60 seconds with a residual time of 15 sec. 

Due to galvanic displacement reaction from Ag+ and exposed copper foil, electrons were transferred to 

an Ag+ and reduced Ag0 were transferred to AgNW junction where high electrostatic force exist. By 

repeating such methods up to 4 times, almost all AgNWs on a multilayer graphene/copper foil was 

welded. Figure 4-7c shows such welding process were very effective and reduced sheet resistance 

significantly. When 5 times of welding process was applied on different number of AgNWs coated 

multilayer graphene from 1 to 4 times, 69.6 %, 50.7 %, 44.1 %, and 42 % of sheet resistance reduction 

were observed. This was attributed to excellent welding process by simple supplement of Ago on the 

junction of AgNWs by using galvanic displacement. Finally, it can be noted that our fabricated 

multilayer graphene/AgNW/PI composite film is well suited for TCEs when compared to other opto-

electronic performance of TCEs (Figure 4-7d). 
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Figure 4-7. (a) An opto-electrical data of a Gr/PI composite film. Both transmission and sheet resistance 

value decreased as multilayer graphene portion on a single layer graphene increased. (b) An opto-

electrical data of a multilayer graphene/AgNW/PI. When spin-coating number of AgNW increased, 

reduction of sheet resistance and transmittance were observed. (c) Effect of sheet resistance reduction 

after welding of AgNWs on a multilayer graphene/AgNW/PI composite. (d) Transmission and sheet 

resistance data comparison with other transparent conducting electrodes. 

 

4.3.4 Mechanical Properties of Silver Nanowires/Polyimide, Multilayer Graphene/Polyimide and 

Multilayer Graphene/Silver Nanowires/Polyimide Composite 

 

Here, we have tested mechanical stability under bending of multilayer graphene, AgNWs, and 

multilayer graphene/AgNW/PI composite. As it can be seen from the Figure 4-8a, as bending cycle was 

increased for each TCEs, highest resistance increase was observed for AgNW/PI composite film. 

Multilayer graphene, and multilayer graphene/AgNW/PI composite film showed most stable under 

bending cycles up to 1,000 times. Figure 4-8b shows resistance change upon bending of each films 

under various bending radius. Unlike multilayer graphene/AgNW/PI composite film, multilayer 

graphene/PI and AgNW/PI composite film’s resistance sharply increased when bending was performed 

with bending radius < 20 mm. However, multilayer graphene/AgNW/PI showed very stable under 

bending. Only little change of resistance under bending with bending radius <10 mm was observed. We 
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believe that partially embedded structure of AgNWs under polyimide and graphene strongly acted as 

concrete and retained its original structure during bending. 

 

Figure 4-8. Mechanical properties of multilayer graphene/AgNW/PI composite film. (a) bending cycle, 

and (b) bending radius. 

 

4.3.5 Environmental Stability Study of Silver Nanowires/Polyimide, Multilayer 

Graphene/Polyimide, and Multilayer Graphene/Silver Nanowires/Polyimide Composite 

 

TCEs fabricated by incorporating AgNWs show weak at long-term stability which closely correlates to 

the degradation of AgNWs under ambient conditions. It is widely known that silver nanomaterials easily 

get oxidized or sulfurized under ambient conditions due to large specific surface area. For example, 

such degradations are highly related to their size, chemical composition, and surface structure of silver 

nanoparticles which often extremely changes even after couple of days due to the reactions under 

ambient condition. Since AgNWs, which grow from multiply twinned particles with defects and 

dislocations, are more sensitive in oxidation and sulfurization. These ambient conditions include high 

temperature, high humidity, light irradiation, or even at room temperature. Due to such undesired 

degradation of AgNWs, their structure severely changes and become disconnected after couple of days. 

These degradations can cause shorts in conducting channels and increase contact resistance between 

each AgNWs. Therefore, it is necessary to protect surface exposed TCEs consists of AgNWs, and 

prevent the conditions that can harm AgNWs from oxidation or sulfurization. Here, long-term 

environmental study was analyzed by testing the resistance change of multilayer graphene/AgNW/PI, 

multilayer graphene/PI, and AgNW/PI composite films under ambient condition, 100 ˚C, and 

sulfurization. First, the composite films were left at room temperature for 60 days (Figure 4-9a). 

Multilayer graphene/PI and multilayer graphene/AgNW/PI film showed very stable without any 

noticeable changes of resistance under ambient condition for 60 days; however, AgNW/PI composite 

film showed large changes of resistance as time elapsed. Similarly, composite films were tested at 100 

˚C for 10 days, and only sharp increase of resistance changes were observed for AgNW/PI composite 
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film. In contrast, multilayer graphene/AgNW/PI composite film and multilayer graphene/PI composite 

film were stable under 100 ˚C for 10 days (Figure 4-9b). It is known highly crystalline CVD grown 

graphene is inert and stable under ambient condition and at high temperature. In addition, high 

crystalline structure of multilayer graphene layers compensates each other to overcome structural 

defects and acted as perfect barrier film for AgNWs to prevent from oxidation. Sulfurization test was 

performed and demonstrated at Figure 4-9c. When AgNWs/PI composite film was treated with 

ammonium persulfate solution, immediately resistance changes were observed and shorted at 7 min. 

However, multilayer graphene/PI and multilayer graphene/AgNW/PI composite film stayed stable up 

to 7 hours of treatment. 

 

 

Figure 4-9. Environmental test of multilayer graphene/AgNW/PI at (a) 100 ̊ C under ambient condition, 

(b) room temperature under ambient condition, and (c) sulfurization by immersing the composite film 

in ammonium persulfate solution 

 

4.4 Conclusion 

 

Highly performance with long-term stability of multilayer graphene/AgNW/PI composite TCEs were 

fabricated on a copper foil. By studying the multilayer graphene growth mechanism, nearly full 

coverage of multilayer graphene was grown on a copper foil and served as an excellent barrier film for 

silver nanowire networks. We have determined that high crystalline multilayer graphene could 

effectively act as a barrier film under various conditions. The high flexibility and mechanical property 

of multilayer graphene/AgNW/PI composite is due to partially embedded structure of AgNWs under 

transparent polyimide and multilayer graphene layers. We believe that such TCEs can be further 

improved by adjusting the layer uniformity of graphene on a copper foil by optimizing the growth 

parameters. 
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Conclusion 

 

The electrification on various industry fields are requiring high technology. In display technology, 

which is one of the most closely related to us in daily bases, TCEs for next generation application should 

possess excellent properties in flexibility, bendability, and stretchability. In addition, TCEs containing 

devices must operate at harsh environment that can provide long-term stability. Yet, current alternative 

conducting materials cannot seldomly used to satisfy all the requirements stated above. In this thesis, 

various conducting materials including carbon nanotubes (CNTs), graphene and silver nanowires 

(AgNWs) were studied and demonstrated as a transparent conducting electrode (TCE) for practical 

applications. Since chemical vapor deposition (CVD) grown graphene with current technology always 

exhibit unavoidable defects, uniform coating of highly conducting single-walled carbon nanotubes 

(SWCNTs) on a graphene layer was suggested and enhancement of overall performance was observed. 

Although optoelectronic and mechanical properties with thermal stability of doped SWCNT/graphene 

composite showed enhanced performance, the electrical properties with transmittance at visible ranges 

was not enough for practical applications. To meet the industry criteria, AgNWs based TCEs were 

demonstrated and novel synthesis methods was developed for uniform and stable synthesis of AgNWs. 

In addition, multilayer graphene with high thermal stable transparent polyimide polymer film was 

introduced as a barrier film to prevent AgNWs oxidation. With high crystalline multilayer graphene, 

the long-term stability issue of AgNWs based TCEs were settled and unique structure of partially 

embedded AgNWs showed excellent opto-electrical, mechanical properties which performed better 

than other TCEs reported. Although such TCEs film was fabricated by using expensive equipment and 

process, I believe that proposed process engineering and design of unique structure will contribute the 

potentiality for high performance TCEs for practical applications. I also believe that continuous research 

and study will find a solution and alternatively replace ITO in the future for various practical 

applications. 
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