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Abstract 

Printable and flexible electronics have attracted much attention because of their eco-

friendly manufacturing processes and advantageous features such as light-weight, bendable, 

and foldable. With the market expansion, the development of abundant Cu inks instead of 

expensive Ag/Au nanoparticles inks becomes increasingly inevitable. However, the high 

preparation cost and oxidation of Cu nanoparticles as well as the poor stability of printed Cu 

patterns are insurmountable obstacles for their practical applications. 

This dissertation provides three strategies: using submicron Cu particles instead of Cu 

nanoparticles, utilizing intense pulsed light (IPL) sintering, and introducing anti-oxidation Ag 

element, to address the oxidation problem of Cu inks and improve the conductivity and 

reliability of printed Cu patterns, enabling them to replace or partly replace the noble Ag and 

Au inks in the application of printable and flexible electronics. 

At first, the concept that using in-situ formed fresh Cu nanoparticles to help sintering the 

submicron Cu particles has proved feasible by the developed submicron Cu particle/Cu 

complex inks. During the low temperature heat treatment of 140 °C, fresh Cu nanoparticles 

decomposed from Cu complex can attach to the submicron Cu particles and activate their 

surface, which contributes to sintering and neck-growth among these submicron Cu particles to 

achieve conductive pathways. With the reinforcement of IPL sintering, the microstructure of 

printed Cu patterns become denser and robust, and a resistivity below 5.8×10-6 Ω·cm is 

successfully achieved, which is superior to those obtained from Cu nanoparticle inks. 

Importantly, the method opens a new way for making highly reliable and highly conductive Cu 

patterns with large Cu particles instead of nanoparticles, which can largely decrease the cost 

and enhance the application of Cu inks for flexible electronic devices. 

In order to improve the oxidation resistance of printed Cu patterns, printable and flexible 

Cu-Ag alloy patterns with high conductivity and ultrahigh oxidation resistance were 

successfully fabricated by using a newly developed Cu particle/Ag complex ink and employing 

a two-step sintering method. At the first step, the Cu particle/Ag complex ink transforms into a 

Cu-Ag nanoparticle core-shell structure under a low temperature of 140 °C in air and then 

further transforms into Cu-Ag alloy under IPL sintering which induces rapid diffusion between 



the Cu core and the Ag nanoparticle shell. It was revealed that the obtained Cu-Ag alloy patterns 

have a bulk-like microstructure and show a very low resistivity of 3.4×10-6 Ω·cm (50 % of the 

bulk conductivity of Cu). It was clearly determined that the Cu-Ag alloy has a special core-

shell structure with a Cu-rich phase in the core and an Ag-rich phase in the shell, showing high 

stability. The printed flexible patterns of the Cu-Ag alloy have ultrahigh oxidation resistance, 

remaining stable in air at 180 and 200 °C and demonstrating great potential for practical use in 

the fabrication of highly reliable and cost-effective printed electronic devices. 

Finally, for printing electronics on heat-sensitive PET or paper substrates, Cu-Ag complex 

inks were put forward to fabricate highly oxidation-resistant and conductive patterns at a low 

temperature below 100 °C. The inks show an obvious self-catalyzed characteristic due to the 

in-situ formation of fresh metal nanoparticles which promote rapid decomposition and sintering 

of the inks at a low temperature below 100 °C. The process temperature is 40-60 °C lower than 

those of general Cu complex inks and 100-120 °C lower than those of general Cu/Ag particle 

inks. Highly conductive Cu-Ag patterns of 2.8×10-5 Ω·cm and 6.4×10-5 Ω·cm had been easily 

realized by sintering at 100 °C and 80 °C, respectively. In addition, the printed Cu-based 

patterns show high oxidation resistance not only at high temperatures of up to 140 °C (the 

maximum tolerable temperature of current PET substrate) but also at high humidity of 85 % 

because of the uniform Cu-Ag hybrid structure. The printable patterns exhibit great potential 

for applications in various wearable devices fabricated on textiles, papers, and other heat-

sensitive substrates. 

The dissertation confirms that developing novel Cu inks with anti-oxidation property, and 

corresponding curing methods can greatly improve the conductivity and reliability of printed 

Cu patterns, enabling them to be acceptable in various printed electronics. 
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Chapter 1 

Research background 

1.1 Printed electronics 

1.1.1 Definition and advantages of printed electronics 

There are many kinds of definitions about printed electronics (PE). For example, PE is a 

set of printing methods used to create electrical devices [1]; PE uses traditional printing 

techniques to make electronic devices or circuits [2]; PE is a type of electronics that are created 

by printing technology [3]. To be sure, PE is closely related to the electronic manufacturing and 

printing technology. Here, based on our understanding, we define PE as a technology that 

merges electronic manufacturing technologies and traditional printing technologies to fabricate 

electronic devices and systems [4]. 

Compared with traditional electronic manufacturing technology, PE technology brings 

about the possibility of manufacturing electronic devices in a much simpler, faster, more cost-

effective and more eco-friendly way [5]. As shown in Figure 1.1, to turn a functional material 

into a functional structure or pattern on a substrate, traditional manufacturing has to go through 

thin film deposition, spincoating photoresist layer, baking, photolithography, baking, 

developing, etching, and stripping of the photoresist masking layer [3]. In contrast, if the PE 

technology is employed, the functional material can be directly printed as patterns onto the 

substrate, followed by a simple post-treatment such as drying, annealing or sintering process. 

For a more complex device such as a field‐effect transistor, the source, drain, and gate patterns, 

as well as semiconductor and insulating layers, can also be printed layer by layer onto a 

substrate [3]. It is clear that PE technology simplifies the manufacturing processes of electronics 

and saves a lot of materials as well as energy, showing huge potential in the field of 

manufacturing industry for electronic devices. 
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Figure 1.1 Comparison between (a) conventional microfabrication and (b) printing fabrication 

for integrated circuits [3]. 

 

Another advantage of PE technology is that electronic devices can be printed on various 

substrate materials rather than only on silicon wafers or on printed circuit board, which endow 

printed electronics with some unconventional features [5]. For example, when transparent 

plastic films are used as substrates, electronic devices become flexible, more lightweight, and 

even transparent; when the paper is used as substrates, the electronic devices become more 

environmentally friendly; when our skin or clothes are used as substrates, the electronics 

become wearable. Figure 1.2 show some examples of printed electronic circuits or devices on 

plastic substrate, paper substrate, and our skin. It is believed that with the development of 

technologies, these novel electronics will change our daily life and have a big impact on our 

society. 
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Figure 1.2 Examples of printed electronic circuits or devices on (a) plastic substrate [6], (b) 

paper substrate [7], (c) transparent paper [8], (d) skin [9], and (e) textile [10]. 

 

1.1.2 Three elements of PE 

PE technology contains three basic elements: printable materials, printing methods, and 

post-treatment methods. Printable materials, also called as inks, are one of the foundations of 

printed electronics [3]. They will play roles of conductors, semiconductors, dielectric, or 

insulators and so on in the printed electronics. Printable materials mainly include organic 

materials and inorganic materials. Organic materials with perfect solubility can be naturally 

made into ink forms, thus they were firstly studied in detail and used for printed electronics, 

especially in organic photovoltaic cells (OPVs) and organic light-emitting diodes (OLEDs) [11, 

12]. On the other hand, inorganic materials are usually insoluble solid, which need to change 

the morphology and size, and mix with a variety of additives (e.g., binders and surface tension 

modifiers) for improving the stability and printability [13-15]. However, both of them have 

advantages and disadvantages, as shown in Table 1.1. Much more researches are needed to 

improve these printable materials for fabrication of high performance printed electronics. 

 

Table 1.1 Advantages and disadvantages of organic and inorganic materials for printed 
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electronics [3]. 

Materials Advantages Disadvantages 

Organic materials Better printability  

Low annealing temperature 

Flexibility 

Low charge mobility 

Poor environment stability 

Batch to batch inconsistency 

Inorganic 

materials 

High charge mobility 

Environmental stability 

Mature manufacturing 

technology 

Difficulty in ink formulation 

Impurity due to surfactants 

High post‐processing 

temperature 

 

Printing methods are manufacturing technologies of printed electronics, derived from 

traditional media printing industry [3]. To meet the different requirements such as compatibility 

with inks, printing resolution, speed, and cost, a wide variety of printing methods have been 

developed and used for printed electronics, such as screen printing, inkjet printing,  

flexographic printing, and offset-gravure printing [4]. The features and requirements of these 

printing methods are summarized in Figure1.3. The choice of a printing method is sometimes 

a major issue before launching research projects or before building up production lines. It 

should be suitable matching with inks, substrates, and quality of expected printed electronics. 

 

 

Figure 1.3 Resolution and throughput for various printing technologies [2]. 
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After printing, a necessary post-treatment such as drying, curing or sintering, is required 

for the printed ink patterns or devices to acquire specific electronic properties [4, 15, 16]. For 

instance, printed patterns from Ag nanoparticle inks need a high temperature sintering above 

150 °C to achieve a low resistivity with the order of 10-6 Ω·cm [17, 18]; Cu nanoparticle inks 

require a higher temperature above 200 °C and also an inert atmosphere for preventing them 

from severe oxidation [19]; semiconductor thin films made from oxide nanoparticles require a 

much higher treatment temperature above 300 °C to improve their charge mobility [20, 21]. It 

should be noted that the traditional thermal treatment, heating printed ink patterns or devices at 

such high temperatures, will damage most plastic (such as Polyethylene terephthalate (PET) 

and Polyethylene naphthalate (PEN)) and paper substrates, which inescapability hinders the 

application of these printable materials in flexible electronics. To overcome this problems, some 

specific post-treatment methods have been put forward, such as photonic sintering [22-28], 

plasma sintering [29-31], and microwave sintering [32]. Photonic sintering technology includes 

laser sintering, intense pulsed light (IPL) sintering, infra-red (IR) sintering, ultra-violet (UV) 

assisted sintering. By matching the emission spectrum of the light source with the absorption 

spectrum of the printable materials, light is mainly absorbed by the printable materials to realize 

their sintering without damaging the substrates [16, 33, 34]. Plasma sintering uses the ionized 

gas to bombard the printable materials and realize the decomposition/evaporation of organic 

stabilizers as well as the sintering of nanoparticles [31, 35]. In addition, if the hydrogen is used 

as feed gas, the plasma can have a reducing property [36]. Microwave sintering means that 

microwave is absorbed by printable materials and activate the evaporation of organic stabilizers 

as well as the sintering of materials [16, 37]. Table 1.2 summarizes the advantages and 

disadvantages of these post-treatment approaches. Since every post-treatment approach uses a 

different equipment and has a different mechanism, it is difficult to appoint one technology 

which is suitable for every ink, every substrate, and every application.  
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Table 1.2 Advantages and disadvantages of various post-treatment methods. 

Treatment Advantages Disadvantages 

Thermal Low cost, high throughput Damaging the substrates, time-

consuming 

Laser Selective heating, high resolution  Low throughput, complicated 

operation 

IR/UV/IPL Selective heating, high throughput Complicated operation 

Plasma Temperature as low as possible Low throughput, surface effect, 

etching of the surface of substrate 

Microwave Fast and volumetric heating Low throughput, small penetration 

depth, local overheating 

 

1.1.3 Applications 

Due to the inherent advantages of large area, flexibility, and low cost and so on, PE 

technology has been employed to fabricate various electronic devices, such as transistors [38, 

39], solar cells [40], sensors [41], and even integrated smart systems [42]. 

A transistor generally consists of a source pattern, a drain pattern, a gate pattern, an active 

layer (semiconductor), and a dielectric layer. The active layer is connected to the source pattern 

and the drain pattern. The dielectric layer is positioned between the active layer and the gate 

pattern. As shown in Figure 1.4, a transistor can be fabricated by four printers with pre- and 

post-treatment equipment, just like a full-color gravure printing of graphics products. The first 

printer is used to fabricate source and drain conductors on a film. The second printer is 

responsible for the printing of a semiconductor layer connected to the source pattern and the 

drain pattern. The third printer creates a dielectric layer on them. Finally, a gate pattern is printed 

on the dielectric layer by the fourth printer. At each printer, pre-treatment and post-treatment 

are done in a short time. Because of the fast roll-to-roll printing speed, the time is much shorter 

than that using traditional Si semiconductor manufacturing. In addition, the fabricated transistor 

is possible to be flexible because a flexible PET substrate is used. 
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Figure 1.4 Schematic diagram of fabricating transistors by four printers [4]. 

 

A solar cell, or photovoltaic cell, can convert the energy of light directly into electricity by 

the photovoltaic effect and function as a power source to support the working function of other 

electronic devices. Flexible printed solar cells make for a variety of possibilities in terms of 

their application scenarios. For example, we can hang it from a backpack to harvest light energy 

when we are traveling; we can fix it on clothes to support the working of wearable electronics; 

and if we do not need it, we can roll it up for saving space. An indispensable component in solar 

cells is the front and back conductive patterns, which can be fabricated by printing techniques. 

As shown in Figure 1.5, fully-printed Ag back patterns were prepared by using different 

printing techniques in polymer solar cells [43]. Even though the performance of printed Ag 

back patterns is related to printing methods, the fact is that these patterns in solar cells can be 

successfully prepared by using proper PE technology. 

 

 

Figure 1.5 Printed Ag back electrodes by different printing techniques. The microphotographs 
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show the layer and edge quality and the areas of serial connection (scale bar is 5 mm). The 

printing speed, resistivity, thickness, and sintering parameters are shown below [2]. 

 

Sensors can detect events or changes in its environment and help people or robots to 

efficiently make a right response. Printable and flexible sensors containing many advantages 

such as lightweight, bendability, and foldability as well as low cost, have attracted much 

attention for a wide application. For instance, a fully-printed strain sensor array as shown in 

Figure 1.6a is a good example of a low-cost, flexible and lightweight system that can provide 

a reliable method for monitoring the structural health of aircraft [44]. A gas sensor shown in 

Figure 1.6b was fabricated by inkjet printing of polyaniline nanoparticle films with Ag-based 

conducting interdigitated pattern arrays on a PET film, having a stable logarithmic response to 

ammonia in a range of 1-100 ppm [45]. 

 

Figure 1.6 (a) Screen-printed strain sensors on PET substrates and their response to strain and 

(b) ink-jet printed ammonia gas sensor with polyaniline interdigitated electrodes [4, 44]. 

 

PE technology has also attracted increasing attention in the field of integrated smart 

systems that not only have electronic components such as transistors and sensors but also have 

power supply and data communication. As shown in Figure 1.7, all‐printed smart temperature 
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sensor tags have been successfully developed by Thin Film Electronics company for medication 

control and food traceability. The smart tag integrates printed transistors for a logic, printed 

temperature sensor strip, a printed battery patch and an electro chromatic display, thus although 

PE technology has made great progress in recent years, it is still quite difficult to have 

everything printed for a smart system at present. PE technology as a new field will have a long 

way to go before becoming a mainstream industrial technology. 

 

 

Figure 1.7 All‐printed smart temperature sensor tag for medicine and food traceability 

management [3, 4].  

 

1.2 Overview of conductive inks for printed electronics 

As mentioned above, PE involves many aspects, such as printable materials, printing 

methods, and post-treatment methods, which is a comprehensive research field of physics, 

chemistry, materials, and electronics. Among them, printable materials are one of the key 

foundations of printed electronics, and especially printable conductive materials can be used to 

print various conductive patterns and circuits which are main components of electronic devices. 

So, in this section, I will summarize the development and application of printable conductive 

materials, including organic conductive polymers and metallic nanomaterials, metal complex 

inks, and other conductive inks. In addition, the corresponding post-treatment method will be 

simply introduced. 



Chapter 1 Research background 

10 

 

1.2.1 Organic conductive polymers 

Organic conductive polymers include structural conductive polymers and composite 

conductive polymers. Structural conductive polymers (called charge transfer complexes at the 

beginning) were firstly discovered in 1954 [46], and their conductivity was greatly improved 

by Hideki Shirakawa, A. J. Heeger, and M. MacDiarmid using iodine doping in 1977 [47]. The 

mechanism of electron conduction in structural conductive polymers, as shown in Figure 1.8, 

is that electron can move along the π bond network when a polymer has conjugated double 

bonds. The more π bonds it has, the lower the activation energy of electrons will be, and the 

more easily these electrons can be delocalized, hence the better the electrical conductivity is 

[4]. In addition, doping of electron donors or acceptors can further improve the electrical 

conductivity of conjugated polymer [47]. For example, the doping of iodine or arsenic oxide 

(AsO5) as electron acceptors in polyacetylene can facilitate the π bonds of polyacetylene to 

transfer to receptors, which increases the conductivity of the polymer to 104 S·cm-1, almost 

reaching the level of conductive metal [3]. To date, many kinds of structural conductive polymer 

have been developed. The most well‐known conductive polymer is poly(3,4‐

ethylenedioxythiophene) or PEDOT. It is soluble in the presence of polystyrene sulfonic acid 

(PSS) and forms a colloidal dispersion (PEDOT: PSS). PEDOT: PSS has many advantages such 

as printable, flexible, lightweight, inexpensive, very compatible with organic and aqueous 

solvents [4]. These make it suitable as a transparent pattern for use in touchscreens, OLEDs, 

and electronic paper to replace the traditional indium tin oxide (ITO), the popular inorganic 

transparent pattern material. Due to the high conductivity-up to 1000 S/cm is possible-it can 

also be used as a cathode material in capacitors to replace manganese dioxide or liquid 

electrolytes [3]. 
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Figure 1.8 Conductive conjugated double bonds of polyacetylene and benzene [4]. 

 

Composite conductive polymers are another kind of organic conductive materials that 

incorporate a large number of conductive filler [48]. Unlike structural conductive polymers, the 

polymer material itself in a composite conductive polymer is not conductive; it only serves as 

a matrix. The conductivity is realized by conductive filler contained in the polymer, such as 

carbon nanotubes, graphene, metal powders, and metal nanowires as shown in Figure 1.9. 

Because of the simplicity and low cost to prepare, composite conductive polymers are widely 

used in conductive wiring, conductive coating, conductive adhesive, and antistatic material [3, 

49]. 

 

Figure 1.9 Schematic illustration of composite conductive polymers. 

 

1.2.2 Metallic nanomaterials 

Metallic materials are widely used in electronic devices as connectors, inductors, patterns, 
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and antennas because of because of their much higher electrical conductivity compared with 

inorganic conductive materials. Recently, the progress in the synthesis of nanomaterials, such 

as Au/Ag/Cu nanoparticles and nanowires, promote the development of metallic conductive 

inks for printed electronic devices [15]. These inks are normally made of metallic 

nanoparticles/nanorods/nanowires mixed with some volatile solvents and a small amount of 

surfactant. Because there is no polymer used, the printed metallic films are easy to achieve a 

high conductivity, only a few times lower than their bulk forms [3]. 

Ag nanoparticle inks are deemed as the most important and successful conductive inks 

because of their relatively low price compared to Au, relatively high environmental stability, 

and high conductivity of printed electronics. Ag nanoparticle inks can be easily produced and 

sintered in ambient to achieve high conductivity close to its bulk form. Figure 1.10 shows a 

typical example of resistivity change of Ag nanoparticle ink as a function of heat-treatment 

temperature [4]. As seen, when the temperature is below 200 °C, the resistivity is quite high; 

when the temperature increases to 250 °C, the resistivity decreases rapidly and finally reaches 

a low value, about twice that of bulk Ag. This temperature boundary and the achieved resistivity 

are related to not only the Ag particle size and distribution but also the evaporation and 

decomposition temperatures of the solvent/surfactant used for stabilizing and dispersing the Ag 

particles [15]. Small size of metallic particles can reduce their melting point and facilitate the 

sintering of such particles at low temperatures [50]. As shown in Figure 1.11, the melting 

temperature of Au nanoparticles decreases below 300 °C when the size is less than 5 nm in 

diameter. The addition of surfactant and solvent in metallic nanoparticle inks can prevent the 

aggregation of the metallic nanoparticles and enable to be suitable for printing. However, these 

surfactant and solvent may hinder the sintering of metallic nanoparticles and increase the 

required temperatures, if they cannot be removed at low temperatures. 
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Figure 1.10 Typical resistivity change of Ag nanoparticle ink with alkylamine surfactant as a 

function of heating time [4]. 

 

 

Figure 1.11 Melting point VS. particle diameter of gold nanoparticles. A schematic showing the 

melting point decreasing trend along with the particle size declining [51]. 

 

Many researches have been conducted to reduce the sintering temperature of Ag inks and 

enable them to be compatible with plastic substrates, such as reducing the size of as-synthesized 

Ag particles, finding alternative solvent and surfactant systems, or using novel sintering 

methods. Table 1.3 summarizes the reported Ag particle inks with respect to particle size, post-

treatment, and conductivity. As seen, Ag particle inks with a suitable size and solvent/stabilizing 

agent system can be successfully sintered below 200 °C or room temperature, and achieve a 
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low resistivity in the order of 10-6 Ω·cm. In addition, Ag nanowire inks have also been 

developed [52, 53]. Due to their one-dimensional high-aspect-ratio morphology, electrical 

connection between them is much smoother than that between nanoparticles. 

 

Table 1.3 A brief overview of reported conductive Ag inks with respect to particle size, post-

treatment, and conductivity. 

Particle size Solvent/stabilizing agent Post-treatment Resistivity Ref. 

7 nm Toluene/Dodecylamine Alcohol washing 7.3×10-5 Ω·cm [54] 

5-10 nm Tetradecane/NA Plasma sintering 5.0×10-6 Ω·cm [31] 

20 nm Water/Polyacrylic acid 200 °C for 60 min 3.7×10-6 Ω·cm [55] 

50 nm Water/Pluronic F-127 350 °C for 60 min 2 ×10-5 Ω·cm [56] 

15 nm Water/Polyacrylic acid 

sodium 

HCl vapors 3.8×10-6 Ω·cm [57] 

3.05 nm Toluene/Thiolate 200 °C for 8 min 1.0×10-5 Ω·cm [58] 

30-50 nm Ethanol/Polymer shell Photonic sintering 1.0×10-5 Ω·cm [59] 

4.4 nm Toluene/Carboxylic acid 140 °C for 210 min 5.8×10-6 Ω·cm [17] 

92 nm Ethanol/Polyvinylpyrrolido

ne 

160 °C for 75 min 3.8×10-6 Ω·cm [60] 

 

Recently, Cu nanoparticle inks have attracted increasing attention because of Cu is the 

most powerful commercializable material with sufficiently low price and high 

thermal/electrical conductivities, which can fully substitute expensive Au and Ag materials. 

Various Cu nanoparticle inks have been demonstrated to achieve Cu patterns with a high 

conductivity. Table 1.4 summarizes the reported Cu particle inks with respect to particle size, 

post-treatment, and conductivity. As seen, in order to synthesize Cu nanoparticles with less 

oxidation, most of these Cu inks chose to use strong surfactants such as polyvinylpyrrolidone 

(PVP) and oleic acid which can better cover the surface of the Cu nanoparticles and assist in 

prolonging the oxidation process [61]. However, relatively high temperatures above 250°C are 

normally needed to remove these stronger surfactants before realizing the efficient sintering of 
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Cu nanoparticles. In addition, a vacuum condition, an inert atmosphere, or a reductive 

atmosphere is often required to prevent the Cu nanoparticles from oxidation during the sintering 

process, and enable them to be sintered to achieve a high conductivity of printed Cu patterns. 

Compared with Ag inks, Cu nanoparticle inks normally need a higher sintering temperature and 

an additional protective atmosphere which may have overshadowed the cost-effectiveness of 

these cheap Cu inks. Intense pulsed light (IPL) is a highly promising method to realize the 

effective sintering of Cu nanoparticle inks under ambient condition [22, 23, 62, 63]. The method 

involves the application of rapid intense pulses of light to induce heat and/or chemical reactions 

in an absorbing thin film [23, 24, 64]. The induced heat can reach up to several hundred degrees 

within a millisecond time frame [65]. Therefore, Cu nanoparticle inks can be sintered rapidly 

before the occurrence of oxidation. On other hand, Cu nanowire inks have also been developed 

and used successfully to fabricate flexible patterns and flexible transparent conductive films. 

 

Table 1.4 A brief overview of reported conductive Cu inks with respect to particle size, post-

treatment, and conductivity. 

Particle size Solvent/stabilizing agent Post-treatment Resistivity Ref. 

40-50 nm Ethyleneglycol/ 

Polyvinylpyrrolidone 

325 °C for 1 h in 

vacuum 

1.7×10-5 Ω·cm [66] 

55 nm 2-(2-butoxyethoxy)ethanol 

/Polyvinylpyrrolidone 

200 ◦C for 60 

min, reductive 

atmosphere, 

Formic acid 

3.6×10-6 Ω·cm [67] 

35-60 nm Ethylene glycol/ 

Polyvinylpyrrolidone 

275-325 ◦C for 60 

min, vacuum 

9.2-1.2×10-5 

Ω·cm 

[68] 

5 nm Non-polar solvent / 

Fatty acid 

250 °C, reductive 

atmosphere, 

Formic acid 

NA [69] 

40 nm DI water/Oleic acid 250 °C for 30 

min, vacuum 

1.1×10-5 Ω·cm [70] 
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42.3/108.3 nm Toluene /Oleic acid 300 °C, Ar 5.9×10-6 Ω·cm [71] 

42.3/108.3 nm Toluene /Oleic acid 300 °C, reductive 

atmosphere, 

H2(4%)+Ar 

3.5×10-6 Ω·cm [71] 

10 nm Ethanol/Glycolic acid 200 °C for 60 

min, N2 

9.1×10-6 Ω·cm [19] 

10-15 nm Ethylene glycol /Tergitol Photonic sintering 9.4×10-5 Ω·cm [72] 

135 ±30 nm Ethylene glycol butyl 

ether, methylcellulose/ 

Polyethylene glycol 2000 

250 °C for 30min 

in N2 

1.6×10-5 Ω·cm [73] 

Submicron Ethanol/ 

Polyvinylpyrrolidone 

Plasma sintering 1.6×10-5 Ω·cm [74] 

3.5± 1.0 nm Propylene glycol, glycerol/ 

1-amino-2-propanol 

150 °C for 

15 min, N2 

3.0×10-5 Ω·cm [75] 

42.3/108.3 nm Toluene /Oleic acid Photonic sintering 4.6×10-6 Ω·cm [76] 

100 nm Diethylene glycol/ 

Polyvinylpyrrolidone 

Photonic sintering 6.97×10-6 Ω·cm [77] 

126 nm Water and ethylene 

glycol/NA 

Photonic sintering 1.0×10-5 Ω·cm [78] 

 

1.2.3 Metallic complex inks 

Metal complex inks are another method for fabrication of conductive patterns and circuits 

on flexible substrates. They are different from particle-type inks which need a high annealing 

temperature to promote necking among particles. Metal complex inks made form specific metal 

salts and solvents can directly transform into pure metal patterns by a low temperature thermal 

decomposition process, normally including nucleation and growth with or without nanoparticle 

[79-84]. For example, Schubert et al. reported a kind of Ag complex ink decomposed at 130 °C 

for 60 min to form highly conductive patterns (6.8×10-6 Ω·cm) [85]; Yabuki et al. reported 

various Cu complex inks composed of Cu formate and different amine solvents which can be 
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annealed at 140 °C and achieved the lowest resistivity of 5.0×10-6 Ω·cm [86]. 

 

1.2.4 Other conductive inks 

In addition, carbon nanomaterials such as carbon nanotube (CNT) [87-89], graphene (G) 

[90, 91], reduced graphene oxide (RGO) [92, 93], and some oxide ceramics such as indium tin 

oxide (ITO) [94, 95] can also be used as printable conductive materials. For example, random 

networks of CNTs have been an attractive choice for transparent conductive film applications 

due to their excellent stability [96]; ITO is one of the most widely used transparent conductive 

oxides because of its electrical conductivity and optical transparency [97]. However, due to the 

complicated fabrication process, intrinsic low conductivity or less flexibility, these conductive 

materials have a long way to go before their wide applications in flexible and printed electronics. 

 

1.3 Motivation of present research 

1.3.1 Issues associated with conductive inks 

In the view of practical applications, there are six main aspects that can evaluate the 

printable conductive materials for flexible and printed electronics and they are: (1) Printability, 

(2) Post-treatment, (3) Cost, (4) Conductivity, (5) Flexibility, and (6) Reliability. Among them, 

the printability, the post-treatment, and the material cost can be identified as production factors; 

the conductivity, the flexibility, and the reliability can be seen as production factors. The 

currently available printable conductive materials are assigned into three levels of “Good”, 

“Fair” or “Poor” on each of the above aspects, as listed in Table 1.5. In the follows, we will 

discuss the major issues associated with these printable conductive materials. Finally, 

approaches for developing new printable conductive materials and corresponding post-

treatments will be proposed. 
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Table 1.5 Comparison of various printable conductive materials 

Materials Production Performance 

Printability Treatment Cost Conductivity Flexibility Reliability 

Structural 

conductive 

polymers 

Good Good Fair Poor Good Poor 

Composite 

conductive 

polymers 

Good Good Optional Fair Good Fair 

Ag inks Good Good Poor Good Fair Fair 

Cu inks Good Fair Good Good Fair Poor 

 

Organic conductive materials have attracted much attention due to their super abilities of 

ink formulation and flexibility. They enable flexible conductive patterns to be made through 

low-cost roll‐to‐roll printing or coating processes, which can be integrated into radio frequency 

identification (RFID) tags, display backplanes, memory and sensor devices, and so on [3]. 

However, the conductivity of most organic conductive materials is not as good as metallic 

materials, as shown in Table 1.6. The lowest resistivity of commercial organic conductive 

materials is 10-3-100 Ω·cm, about 103-106 times higher than those of metallic materials such as 

Ag and Cu. It should be noted that the electrical conductivity is the most important property for 

evaluation of conductive materials. Therefore, these organic conductive materials cannot satisfy 

the increasing requirement of high conductivity in printed electronics. In addition, the reliability 

of organic conductive materials is generally poor in the air [98]. Their conductivity will degrade 

with the increase of time, resulting the failure of the printed electronics. There are also other 

issues, such as the manufacturing costs, material inconsistencies, toxicity, poor solubility in 

solvents, and inability to melt. Therefore, more additional studies are required to improve the 

electrical conductivity and reliability of organic conductive materials. 
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Table 1.6 Electrical conductivity comparison of various conductive materials 

Materials Resistivity (10-6 Ω·cm) Notes 

Metallic Au 2.44 Bulk properties at 20 °C 

Ag 1.59 

Cu 1.68 

Al 2.65 

Ni 6.99 

 Sn 10.9  

Organic PEDOT:PSS 103-106 Depends on doping/composition, 

oxygen defects, and crystallinity 

 

Compared to the organic conductive materials, metallic materials show higher 

conductivities, as shown in Table 1.6. Ag inks are mature in terms of properties such as high 

conductivity and stability, and have been successfully applied to fabricate highly conductive 

patterns in some devices such as the transparent conductive film, transistors, and solar cells. 

However, their relatively high cost and severe problems of chemical migration and sulfur gas 

corrosion are still big hindrances to their widening applications in real commercial products 

[99]. Cu exhibits similar electrical resistivity to Ag, as shown in Table 1.6, but the cost of Cu 

is much lower than noble metal Ag. Concretely, the cost of Cu is about one hundredth that of 

Ag. Therefore, Cu inks are highly expected to replace or partly replace Ag inks for fabricating 

highly conductive patterns in printed electronics, especially in low-cost printed electronics. 

However, unlike Ag nanoparticles, Cu nanoparticles are easily oxidized not only during the 

sintering stage but also in the preparation and storage stages [68, 100]. The presence of Cu 

oxide layer will increase the required sintering temperature to over 250 °C, and a special 

reducing atmosphere will be required, which largely increases the cost of Cu inks and 

complicates their application process [69, 101, 102]. To overcome the oxidation of Cu inks 

during preparation and storage, air-stable Cu complex inks (not Cu nanoparticles) prepared by 

mixing specific Cu salts and amine-based solvents have been developed [81, 86]. These air-

stable Cu complex inks can thermally decompose and self-reduce to pure Cu after a low-
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temperature annealing process [25, 79, 86, 103]. However, the metal load is very low (about 15 

wt. %), which increases the difficulty in making thick patterns [104]. Moreover, compared with 

bulk Cu patterns manufactured by traditional vacuum deposition, patternless plating, or forging 

molding methods, such printed Cu patterns show a porous structure composed of many small 

Cu particles with a low density [81]. In this structure, many particle boundaries are naturally 

exposed to the environment and will experience rapid oxidation due to their high Gibbs free 

energy [105, 106]. The continuous oxidation of Cu along grain boundaries will decrease the 

conductivity of the printed Cu patterns and eventually result in the failure of electronic devices. 

Introducing conductive and stable graphene into Cu inks can partly prevent Cu form oxidation; 

however, the addition of graphene destroys the purity of the metallic Cu pattern and results in 

high resistivity about 5 orders of magnitude higher than that of bulk Cu [107, 108]. Coating a 

nonoxidizable metal shell onto a Cu core is an another promising method that not only enhances 

the stability but also retains the high conductivity. For example, Cu-Ag core-shell nanoparticles 

have been formed by various chemical reduction and galvanic displacement methods [109-113]. 

These Cu-Ag core-shell nanoparticles can remain stable at room temperature; however, when 

they are used to make conductive patterns at high temperatures over 150 °C, the Ag shell is 

broken by simultaneous coalescence of the Cu cores and ripening of the Ag shell [111, 114, 

115]. Hence, the sintered Cu patterns are not protected from oxidation over the long-term. 

Therefore, it is reasonable to deem that the development of low-temperature curable Cu inks 

for fabrication of highly reliable Cu patterns is very challenging. 

 

1.3.2 Strategies for fabrication of highly conductive and reliable Cu patterns 

According to the discussion in section 1.3.1, it can be concluded that, as a low cost and 

highly conductive material, Cu is very suitable for fabricating of metal conductive inks and 

creating conductive Cu patterns for flexible and printed electronics. However, the oxidation 

problem of Cu has heavily hindered their practical applications. How to solve the oxidation 

problem of Cu inks and print highly conductive and reliable Cu patterns using a low-

temperature and a simple process is becoming increasingly urgent and crucial, which will 

determine whether these Cu inks can be practically applied in flexible and printed electronics. 
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With these in mind, we herein propose three strategies to address the oxidation problem of Cu 

inks and also improve the reliability of printed Cu patterns, enabling them to be really applied 

in practical applications. The first strategy is using submicron Cu particles instead of Cu 

nanoparticles to prepare Cu inks and print highly conductive patterns because such big Cu 

particles possess a higher oxidation resistance. The second strategy is utilizing intense pulsed 

light (IPL) to induce the efficient densification of printed Cu patterns at low temperatures in air 

and meanwhile strengthen the adhesion between sintered Cu patterns and substrates. The third 

strategy is introducing anti-oxidation Ag element to modify the surface of the Cu particles and 

fabricate Cu-Ag alloy patterns or Cu-Ag hybrid patterns. The detail of these strategies and 

experimental results will be discussed in Chapter 2-Chapter 5. 

 

1.4 Purpose and scope of this study 

The purpose of this study is to develop low-temperature curable Cu inks for fabrication of 

highly conductive and reliable Cu patterns, enabling these abundant and cheap Cu inks to 

replace or partly replace the noble Ag and Au inks in the application of printable and flexible 

electronics. Attempts are made to deal with the present challenges in Cu ink and printed Cu 

patterns. The dissertation presents three strategies to address the oxidation problem of Cu inks 

and also improve the reliability of printed Cu patterns. It mainly covers the studies of the ink 

formulation, post-treatment, property characterization, and reliability evaluation of submicron 

Cu particle/Cu complex ink, submicron Cu particle/Ag complex ink, and Cu complex/Ag 

complex ink, respectively. 

In Chapter 1, a brief description of PE technology (definition, three elements of PE, and 

application), an overview of conductive inks, and existing issues of conductive inks are given. 

And a purpose of developing low-temperature curable Cu inks for fabrication of highly 

conductive and reliable Cu patterns in flexible electronics is suggested. 

In Chapter 2, the concept using in-situ formed fresh Cu nanoparticles to help sinter the 

submicron Cu particles is proposed and Cu particle/Cu complex inks are developed. During the 

heat treatment, fresh Cu nuclei decomposed from Cu complex attach to the Cu particles, which 

plays a role of nano-welders in the realization of sintering these submicron Cu particles to 
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achieve high conductive Cu patterns. The effects of the size of Cu particles and the ratio of the 

amount of Cu complex to particles on the electrical resistivity and morphology of sintered Cu 

patterns are clarified, and the functions of the heat treatment temperature and holding time are 

investigated. 

In Chapter 3, IPL is used to not only reinforce the bonding between submicron Cu particle 

and in-situ formed Cu nanoparticles but also improve the adhesion between films and substrates 

to fabricate highly conductive and reliable Cu patterns. The effects of substrates and particle 

sizes on the conductivity of achieved Cu patterns are investigated. The bending fatigue test and 

the oxidation resistance test are conducted to evaluate the reliability of printed Cu patterns. In 

addition, the potential applications of these Cu patterns were demonstrated with a flexible and 

folding LED circuit and a flexible dipole antenna for wireless power transmission. 

In Chapter 4, considering the high oxidation resistance of Ag, Cu-Ag alloy patterns are 

fabricated by using a newly-developed Cu particle/Ag complex ink and a simple two-step 

sintering process consisting of low temperature pre-curing followed by rapid IPL sintering. The 

fabrication process of Cu-Ag alloy patterns is studied in detail. Especially, the alloying process 

is discussed and a possible mechanism is proposed. In addition, the long-term stabilities of Cu-

Ag alloy patterns including high temperature oxidation resistance and bending fatigue property 

are studied. 

In Chapter 5, for printing electronics on heat-sensitive PET or paper substrates, Cu-Ag 

complex inks were put forward to fabricate highly oxidation-resistant and conductive patterns 

low 100 °C. The ink formulation is optimized based on the conductivity, microstructure, and 

chemical composition of printed Cu-Ag hybrid patterns. The thermal behaviors of various 

complex inks were investigated in detail, the self-catalyzed characterics is discussed, and 

filannly the possible self-catalyzed mechanism is proposed. In addition, the oxidation resistance 

of printed Cu-Ag hybird patterns is evaluated. 

In Chapter 6, the summary of the dissertation is presented. 
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Chapter 2 

Low temperature sintering of submicron Cu particle/Cu complex inks 

2.1 Introduction 

Due to the high cost and poor oxidation resistance of synthesized Cu nanoparticles, 

commercially available micron/submicron Cu particles with higher oxidation resistance and 

lower cost (only 1/100-300 of the cost of Cu nanoparticles) are more suitable for fabrication of 

flexible and printed electronic devices. However, it is difficult to realize the efficient 

sintering/bonding of these large Cu particles and form conductive pathways because of their 

low driving force for densification [1, 2]. Several assisted methods have been attempted to 

realize the sintering or partly sintering of these big Cu particles, including high temperature and 

pressure [1], reductive atmosphere (formic acid or hydrogen) [3], a great amount of long-acting 

reductant (such as ascorbic acid) [4]; however, these methods are not compatible with either 

flexible substrates or printing methods. Using Cu nanoparticles to help bond micron/submicron 

Cu particles is recently proposed by H. S. Kim, and a conductive Cu pattern with the resistivity 

of 8.0×10-5Ω·cm has been achieved on a polyimide (PI) substrate by using intense pulsed light 

(IPL) sintering [5]. However, the input energy of IPL was as high as 12500 mJ cm-2 which is 

dangerous to many flexible heat-sensitive substrates (PEN and PET). Moreover, the resistivity 

of achieved Cu patterns is far higher than that of bulk Cu patterns (1.6810-6 Ω·cm). The 

possible reason is that the existence of Cu oxide shell on these Cu nanoparticles obstruct the 

efficient sintering of Cu particles. 

In this chapter, the concept using in-situ formed fresh Cu nanoparticles to help sinter 

submicron Cu particles is proposed. Submicron Cu particle/Cu complex inks are developed, in 

which fresh and active metallic Cu nanoparticles resulted from the decomposition of Cu 

complex can avoid the oxidization like those pre-prepared Cu nanoparticles and in-situ bond 

large Cu particles to form highly conductive pathways at low temperatures. On the other hand, 

compared pure Cu complex inks, our Cu particle/Cu complex inks enable printed Cu patterns 

to have a high-qualitative surface morphology and favorable thickness. The influences of ink 

formulation and post-treatment on thickness, surface morphologies, microstructures, and 
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achieved conductivities of printed Cu patterns are studied and a possible low temperature 

sintering mechanism of the Cu particle/Cu complex inks is proposed. In addition, to evaluate 

the reliability of printed Cu patterns, they are used as conductive wires to light up a LED under 

the bending condition, twisting condition, and adhesive tape tests. 

 

2.2 Experimental 

2.2.1 Materials 

Cu(II) formate tetrahydrate (Cuf, Wako, Japan) was used as the Cu precursor. 2-amino-2-

methyl-1-propanol (AMP, Naclal tesque, Japan) was used as a complex agent or solvent. Three 

kinds of Cu particles (Mitsui Mining & Smelting Co., Ltd) were used as received. Particle A, 

particle B and flake particle C have an average size of 0.17 µm, 0.7 µm and 3.0 µm (determined 

by SEM, Figure 2.1), respectively. Polyethylene terephthalate (PET) substrate of 100 μm thick 

was purchased from Toray Industries, Inc. 

 

 

Figure 2.1 SEM images of received Cu particles: (a) particle A, (b) particle B, and (c) particle 

C; (d)-(f) are the corresponding particle size distribution. 

 

2.2.2 Preparation of Cu particle/Cu complex inks, screen-printing, and thermal sintering 

The standard fabrication process is shown in Figure 2.2. Firstly, the Cu(II) formate 

tetrahydrate (Cuf) powders were added to 2-amino-2-methyl-1-propanol (AMP) with a fixed 
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molar ratio of 1: 2 and then the mixture was stirred for 30 min at room temperature to ensure 

complete formation of the Cuf-AMP complex. The formation of the complex can be confirmed 

by the color change from the initial light blue color to dark blue [6]. After that, Cu particles 

were respectively introduced into the Cuf-AMP complex solutions with different mass ratios as 

shown in Table 2.1. Finally, these mixtures were uniformly mixed using a hybrid mixer (HM-

500) for 30 min to obtain homogeneous Cu particle/Cu complex inks (Cuf-AMP-Cu particle 

inks). 

To prepare conductive Cu patterns, the prepared Cu particle/Cu complex inks were 

deposited on glass or PET substrates by using a screen-printing method. Then, these ink- 

deposited glass or PET substrates were heated at a temperature ranging from 120 to 180 °C for 

2 to 60 min in a nitrogen (99.99%) atmosphere. The heating rate was 10 °C min-1. Prior to 

heating, the nitrogen gas flow was set as 5 L min-1 for 5 min to ensure washout of residual 

oxygen in a box furnace and then decreased to 1.5 L min-1 to prevent oxidation of Cu during 

annealing process. 

 

Figure 2.2 Diagram of Cuf-AMP-Cu particle ink fabrication, screen-printing, and thermal 

sintering process. 
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Table 2.1 Formulations and characteristics of Cu inks and sintered Cu patterns. 

Inks (mass) Type of particle Cu load (%) Thickness (µm) 

Cuf-AMP: Cu particle =1:4 

Particle A 

83.1 

49 

Particle B 47.7 

Particle C 51.87 

Cuf-AMP: Cu particle =2:1 

Particle A 

43.7 

11.94 

Particle B 13.87 

Particle C 16.80 

Cuf-AMP: Cu particle =3:1 

Particle A 

36.8 

10.12 

Particle B 10.7 

Particle C 14.3 

Cuf-AMP: Cu particle =4:1 

Particle A 

32.6 

8.30 

Particle B 10.29 

Particle C 12.30 

Cuf-AMP: Cu particle =5:1 

Particle A 

29.7 

7.52 

Particle B 8.98 

Particle C 11.16 

Cuf-AMP No particle 15.7 6.78 

Thickness is obtained after sintering. 

 

2.2.3 Characterization methods 

The thermal behaviors of Cu(II) formate tetrahydrate and prepared Cu particle/Cu complex 



Chapter 2 Low temperature sintering of submicron Cu particle/Cu complex inks 

38 

 

inks were investigated by thermogravimetric-differential thermal analysis (TGA-DTA, Netzsch) 

at a heating rate of 10 °C min-1 in a nitrogen (99.99%) atmosphere. The phases of the formulated 

inks and sintered patterns were identified by using X-ray diffraction (XRD, Rigaku) with Cu 

Kα radiation. The surface and cross-section morphology of the sintered conductive patterns 

were observed by using a field emission scanning electron microscope (FE-SEM, SU8020, 

Hitachi). Focused ion beam (FIB, FB2100, Hitachi) was used to make the cross-section samples 

with a diameter of 150 mm at a standard current of 1.10-2.80 nA. The thickness of the sintered 

patterns was measured by using a three-dimensional laser microscope (VK-9500, Keyence), 

and the resistivity of the sintered Cu patterns was measured using a four-point probe analyzer 

(Loresta GP T610, Mitsubishi Chemical Analytech). 

 

2.3 Characterization of Cu particle/Cu complex inks 

The thermal behaviors of the Cuf-AMP complex ink and Cuf-AMP-Cu particle ink (Cuf-

AMP: Cu particle B = 3: 1) were characterized using TGA-DTA, as shown in Figure 2.3. It is 

clear that the two kinds of inks have similar endothermic/exothermic peaks and mass loss trends, 

indicating that the decomposition and removal of Cuf-AMP complexes in the two inks is 

basically the same. The first endothermic peaks at about 130 °C are due to the evaporation of 

trace water and small molecular impurities in the inks. Subsequently, the exothermic peaks at 

about 150 °C are attributed to the decomposition of the Cuf-AMP complexes accompanied by 

a drastic mass loss. Farraj et al. investigated the mechanism of the decomposition process of 

the Cuf-AMP complexes by simultaneous thermal analysis coupled with mass spectrometry 

(STA-MS) and they found that the loss is because of the release of CO2 and carbon [7]. The 

second endothermic peak at about 180 °C may be due to the crystallization of Cu or 

volatilization of carboxyl groups/AMP fragments in the complexes [7, 8]. It should be noted 

that the percentage of the remaining Cu loads in the Cuf-AMP complex ink and Cuf-AMP-Cu 

particle ink are 14.8 % and 37.6 %, respectively, which are consistent with the theoretical 

content of Cu in each (15.7% and 36.8%, Table 2.1). 
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Figure 2.3 TG-DTA plots of (a) Cuf-AMP complex ink and (b) Cuf-AMP-Cu particle ink. 

 

In addition, XRD analysis was conducted to identity the phase composition of the Cuf-

AMP complex ink and Cuf-AMP-Cu particle ink after heat treatment at 140 °C for 15 min under 

a nitrogen atmosphere (Figure 2.4). The sintered patterns prepared from the two inks only show 

the peaks of metallic Cu. No other undesired substances (Cu2O and CuO) are detected, 

indicating that Cuf-AMP complex is self-reducible to pure metallic Cu in a nitrogen atmosphere 

[6, 7], and preset Cu particles do not introduce impurities to Cu patterns. 

 

 

Figure 2.4 XRD patterns of Cuf-AMP complex ink and Cuf-AMP-Cu particle ink (Cuf-AMP: 



Chapter 2 Low temperature sintering of submicron Cu particle/Cu complex inks 

40 

 

Cu particle B=3:1) after heat treatment at 140 °C for 15 min in a nitrogen atmosphere. 

 

2.4 Conductivity, microstructure, and surface morphology of printed Cu patterns 

Figure 2.5 shows the electrical resistivity of the sintered Cu patterns fabricated from 

different Cuf-AMP-Cu particle inks. Based on the TG and XRD results discussed in section 2.3, 

all the printed inks were heated at 140 °C for fabrication of conductive patterns. As shown in 

Figure 2.5, the electrical resistivity of the sintered patterns prepared from the Cuf-AMP-Cu 

particle A ink and Cuf-AMP-Cu particle C ink decreases with an increasing content of Cu 

complex. On the other hand, the electrical resistivity of the sintered pattern prepared from the 

Cuf-AMP-Cu particle B ink first decreases and then increases with an increasing content of Cu 

complex. When the mass ratio of Cuf-AMP and Cu particle B is 3: 1 (about 36.8 wt.% Cu load), 

the sintered Cu pattern exhibits the lowest electrical resistivity of 1.13×10-5 Ω·cm, which is far 

superior to that of the pattern prepared from only these Cu particles (non-conductive, 1.66 102 

Ω·cm and 4.55101 Ω·cm for Cu particle A, B and C, respectively, after heat treatment at 140 °C 

for 15 min) and lower than that of the pattern prepared from pure Cuf-AMP complexes (1.410-

5 Ω·cm). These results indicate that the Cu complex can enhance the sintering of all kinds of 

Cu particles and Cu particles with suitable size and amount can also improve the conductivity 

of printed Cu patterns prepared from Cuf-AMP complex. 

 

 

Figure 2.5 Electrical resistivity of the sintered Cu patterns with different Cu particle content 
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after heat treatment at 140 °C for 15 min in a nitrogen atmosphere. 

 

The microstructure of the sintered patterns was studied to clarify their conductivity 

property. Figure 2.6a shows the SEM micrographs of patterns prepared from the pure Cuf-

AMP complex. The Cuf-AMP complex is decomposed to form fresh Cu particles of different 

sizes over a wide range (0.04-0.66 µm), which are randomly stacked together with some large 

or small pores. In contrast, these large or small fresh Cu particles formed by the decomposition 

of the Cuf-AMP complex are difficult to observe when the Cu submicron particles are added 

into the complex (Figure 2.6b–d). This indicates that preset Cu particles may influence the 

nucleation process of metallic Cu generated from the decomposition of surrounding Cuf-AMP 

complex. Furthermore, compared with the size of the original Cu particles, the size of the 

particles in the sintered patterns has increased to 0.2 µm, 0.79 µm and 3.13 µm from the original 

sizes of 0.17, 0.7 and 3.0 µm, respectively. The TG and XRD results confirm that the Cuf-AMP 

complex has been decomposed into metallic Cu in the low temperature process. Therefore, the 

increase in size indicates that metallic Cu from the decomposition of Cuf-AMP complex might 

cover on the surface of these Cu particles to enlarge their size because these preset Cu particles 

act as heterogeneous nucleation sites for metallic Cu. Furthermore, these fresh and active Cu 

nuclei are expected to be beneficial for low-temperature sintering of these submicron Cu 

particles. As shown in Figure 2.6g and h, the surfaces of the Cu particles are clearly rough due 

to the deposition of the Cu nuclei and an obvious connection between Cu particles is found. 

Some small particles (about 110 nm) clearly exist between the Cu particles (Figure 2.6g and 

h). These small particles come from the decomposition of Cu-AMP complex like a nano-welder 

to bond the Cu particles together to improve the sintering of the Cu particles. It can be expected 

that controlling the quantity of Cu-AMP complex is very important in these inks. If the content 

of Cuf-AMP is insufficient, the surface of the Cu particles will not be completely coated and 

connected together to realize the sintering at low temperatures. On the other hand, if there is an 

excess of Cuf-AMP, the density of the sintered patterns will be decreased due to the removal of 

a large amount of organics, which give a porous and rough microstructure [9, 10]. Therefore, a 

suitable ratio of Cu particles and Cuf-AMP complex is a key to achieving high performance Cu 
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patterns. In the present work, the optimal mass ratio of the Cuf-AMP complex and Cu particle 

B is determined as 3: 1. 

 

 

Figure 2.6 SEM images of (a) Cuf-AMP complex ink, (b) Cuf-AMP-Cu particle A ink, (c) Cuf-

AMP-Cu particle B ink, and (d) Cuf-AMP-Cu particle C ink after heat treatment at 140 °C for 

15 min in a nitrogen atmosphere; (e)-(h) High-magnification images of (a)-(d), respectively. 

 

Figure 2.7 shows the cross-sectional images of the sintered patterns prepared from the 
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Cuf-AMP complex ink and optimal Cuf-AMP-Cu particle B ink. In the former, a porous 

structure is observed, and the grain size is small (Figure 2.7a). In the latter, a denser structure 

is observed with a large grain size (Figure 2.7b). Furthermore, an unclear thin Cu layer area 

between the big particles can be observed in some places (as indicated by the arrows in Figure 

2.7b), which originates from Cu nuclei generated from the self-reduction of the Cuf-AMP 

complex mentioned above. Furthermore, in-situ formed Cu nuclei are completely assimilated 

by neighboring large Cu particles to form a big grain size in some places (as indicated by the 

cycle in Figure 2.7b). These results confirm that the decomposition of Cuf-AMP complex to 

form a thin Cu layer between Cu particles improves the sintering of large Cu particles to achieve 

high conductivity. 

 

 

Figure 2.7 Cross-sectional morphology of (a) Cuf-AMP complex ink and (b) Cuf-AMP-Cu 

particle B ink after heat treatment at 140 °C for 15 min in a nitrogen atmosphere. 

 

It has been mentioned that the Cuf-AMP complex ink always causes a rough surface of 

sintered patterns due to the low Cu load. When the Cu load is increased with the addition of Cu 

particles, the shape of the sintered Cu patterns is largely improved. Figure 2.8a shows the 

optical photos of the sintered patterns with/without Cu particles. Although these patterns show 

a brownish Cu color, there are significant differences. The sintered patterns prepared from the 

inks with Cu particle A, B or C show a uniform surface morphology with a relatively sharp 

edge without large cracks, while the sintered pattern prepared from the pure Cuf-AMP complex 

ink is non-uniform with some large cracks/pores and a rough edge. The cracks and pores seem 

to be formed by the violent decomposition and removal of organics in the complex due to low 

Cu load. Figure 2.8b shows the corresponding line profile of these sintered patterns with over 
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five positions. The Cuf-AMP complex ink gives a thin pattern with a thickness of about 6.78 

µm. The pattern is uneven with a roughness of about 6.78 µm which is equivalent to the 

thickness of the pattern, indicating that some areas are missing showing a discontinuous Cu 

layer, as confirmed in Figure 2.8a. On the other hand, sintered patterns prepared from Cu 

complex/Cu particle A, B and C inks achieve thick patterns, and the thicknesses are about 10.12, 

10.7 and 14.3 µm, respectively. The roughness of the sintered patterns prepared from Cu particle 

A and B is largely reduced to about 2.12 and 3.89 µm, respectively. This indicates that the 

morphology and roughness of the patterns has been improved by the additional Cu particles. 

However, the roughness of the sintered pattern prepared from Cu particle C is increased to 8.9 

µm, which might correspond to the large diameter of the Cu particles used in the ink. As 

mentioned above, the average sizes of particles A, B, and C are 0.17, 0.7 and 3 µm, respectively, 

which correspond to the roughness values of 2.12, 3.89 and 8.9 µm, respectively. These results 

indicate that thickness and roughness of patterns closely agree with the size of Cu particles. A 

large size contributes to a big thickness and large roughness. To improve the morphology and 

thickness of the Cu patterns, a suitable diameter of Cu particle needs to be considered in order 

to make a uniform Cu pattern. 

 

Figure 2.8 (a) Optical surface images and (b) cross-sectional morphology of the sintered 

patterns with/without Cu particle A, B or C heated at 140 °C for 15 min in a nitrogen atmosphere. 

 

2.5 Sintering parameters of Cu inks and application 

Figure 2.9 shows the electrical resistivity of sintered Cu patterns heat treatmented at 

various temperatures for one hour with a mass ratio of Cuf-AMP and Cu particle of 3: 1. The 
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electrical resistivity of the sintered patterns decreases as the heat treatment temperature 

increases. The decrease speed of electrical resistivity is fast in the case of the Cuf-AMP-Cu 

particle A ink. Over 140 °C, the decrease in electrical resistivity is very clear in the other three 

inks. It suggests that 140 °C might be enough for the decomposition of the Cuf-AMP complexes, 

which is in good agreement with the TG and XRD results mentioned above. The neck growth 

and connection among Cu particles can contribute to the decrease in electrical resistivity, which 

has been observed in the sintered patterns. It should be also noted that the size of the Cu particles 

influences the electrical resistivity of the sintered patterns. In general, small particles, especially 

nanoparticles, are easy to be sintered at a low temperature [11, 12]. However, as shown in the 

present work, small particles of 0.17 µm give the worst conductivity. There are two related 

reasons. One is the oxide on the surface of these particles which hinders the sintering of Cu 

particles at a low temperature. XRD analysis was performed on particles A, B, and C and a 

small peak of Cu2O was found only in particle A (Figure 2.10). Second is the contact resistance 

between these small particles which determines the electrical resistivity of the sintered patterns 

[13]. Patterns containing many small particles tend to have a lot of contact resistance which 

causes high electrical resistivity. In contrast, large Cu particles seem to be beneficial to low 

electrical resistivity of the sintered patterns as seen in the present process. When these fresh Cu 

nuclei are coated on the surface of these large Cu particles, they can activate these particles to 

be sintered at a low temperature. Another important reason is that, compared with Cu 

nanoparticles, these large particles are antioxidants. However, Cu particles that are too large 

provide poor packing which will cause the decrease in electrical resistivity. Therefore, the 

selection of suitable Cu particles in the present ink is a key to achieving high conductivity, high 

packing density, appropriate thickness and sharp morphology. 
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Figure 2.9 Electrical resistivity as a function of annealing temperature for one hour with a mass 

ratio of Cuf-AMP and Cu particles of 3: 1 in a nitrogen atmosphere. 

 

 

Figure 2.10 XRD patterns of Cu particle A, B, and C. 

 

Figure 2.11 shows the relationship between the electrical resistivity of the sintered patterns 

and holding times. The electrical resistivity of the sintered patterns decreases with an increase 

of holding time until 15 min, after which a slight increase in electrical resistivity is observed. 

Therefore, the short 15 min sintering process is enough for these Cu inks even those with large 

particle sizes. A relative thermal decomposition also confirmed the results (Figure 2.12). The 
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Cuf-AMP-Cu particle B ink is heated to 140 °C and then held on to observe the decomposition 

evolution. Beyond holding time of 13 min, no significant weight-loss is observed, which 

indicates that the decomposition of the Cuf-AMP complexes and removal of the organics has 

been finished. The average electrical resistivity of the sintered Cu patterns is 1.4, 1.1 and 

2.5×10-5 Ω·cm for Cuf-AMP complexes, Cuf-AMP-Cu particle B and Cuf-AMP-Cu particle C 

inks, respectively. Therefore, a low temperature of 140 °C and a short sintering time of 15 min 

is enough for these Cu inks. When the holding time is increased, a slight increase in electrical 

resistivity is still not clear, which might be related to the stress of the pattern or the oxide of the 

Cu nuclei formed from the in situ decomposition of the Cuf-AMP complex. 

 

 

Figure 2.11 Electrical resistivity of the sintered Cu patterns as a function of the holding time at 

140 °C in a nitrogen atmosphere. 
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Figure 2.12 Relative thermal decomposition analysis using TGA-DAT. 

 

2.6 Low-temperature sintering mechanism of Cuf-AMP-Cu particle inks 

The decomposition mechanism of the Cuf-AMP complex has been investigated by Farraj 

et al. [7] who found that as the temperature increases, the decomposition of Cu(II) formate takes 

place in two stages.  

Cu(HCOO)2 → Cu(HCOO) + CO2(g) + 1/2H2(g) 

Cu(HCOO) → Cu(s) + CO2(g) + 1/2H2(g) 

Based on their conclusions, the possible mechanism of the nucleation and sintering of Cuf-

AMP-Cu particle inks is illustrated, as shown in Figure 2.13. The Cuf-AMP complex ink is 

transformed into pure metallic Cu by a continuous and homogeneous nucleation process. In the 

process, Cu ions are consumed to form nuclei, which randomly grow into particles. Nucleation 

formed in the early stage can grow into big particles, while nucleation at a late stage may grow 

into small particles because there are not enough materials for their growth. Therefore, Cu 

particles with different sizes can be observed as shown in Figure 2.14a and 2.6a, which is in 

agreement with the reported results [7, 13]. On the other hand, in the case of Cuf-AMP-Cu 

particle inks, these Cu particles are preset to provide nucleation sites as the nucleation of 

metallic Cu tends to occur on the surface of these Cu particles, which is called heterogeneous 

nucleation [14, 15]. Heterogeneous nucleation can be considered as a surface catalyzed or 

assisted nucleation process which can decrease the nucleation barrier of Cu ions. In other words, 
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the low interface energy between metallic Cu and the particles may facilitate the fast deposition 

of Cu on the surface of the particles [15]. Furthermore, these nuclei coated on the surface of the 

Cu particles can promote the sintering of the Cu particles to form electrical pathways. Based on 

this mechanism, high qualitative Cu patterns prepared from submicron or micron Cu particles 

can be obtained even by treatment at a low temperature and for a short time. 

 

 

Figure 2.13 Schematic illustration of the nucleation and sintering behaviors of (a) Cuf-AMP 

complex ink and (b) Cuf-AMP-Cu particle ink. 

 

2.7 Application 

To demonstrate the application of printed conductive patterns for flexible electronic 

devices, the sintered Cu patterns were used as conductive wires to light up a LED during the 

bending, twisting and adhesive tape tests, as shown in Figure 2.14. The LED illumination 

intensity remains constant without significant degradation, strongly suggesting that the present 

inks with a high Cu load can be used in flexible printed electronic devices. Importantly, there 

are four advantages to using these inks for practical applications. Firstly, submicron Cu particles 

instead of Cu nanoparticles aer used. Cu submicron particles are very cheap compared with the 

Cu nanoparticles, 1/100-300, which can decrease the price of the inks significantly and increase 

the possibility for wide application in electronic devices. Secondly, in contrast with methods 

which need a reductive atmosphere to protect the pattern during heat treatment, the developed 

inks can be sintered and achieve a high conductivity under a nitrogen atmosphere. Thirdly, the 

developed inks do not need additional sintering agents for connecting the submicron Cu 

particles at a low temperature. During the heat treatment, the decomposition of self- reducible 
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Cu complex will create many fine Cu nuclei which can help connect the submicron Cu particles 

rapidly and create a high electronic pathway. Fourthly, the sintered patterns have a good 

thickness due to an increased Cu load. They can withstand a high carrying capability. 

 

 

Figure 2.14 Photographs of the LED circuit with a 65 mm-long printed Cu pattern on PET 

substrate during the bending, twisting, and adhesive tape tests. 

 

2.8 Conclusion 

In this chapter, Cu particle/Cu complex inks are developed and the sintering of submicron 

Cu particles at low temperatures by using the in-situ formed fresh Cu nanoparticles is 

successfully realized. During the heat treatment, fresh Cu nuclei decomposed from Cu complex 

attach to the Cu particles to activate their surface, which contributes to the connection and neck-

growth between these submicron Cu particles to achieve high conductive pathways. The effects 

of the size of Cu particles and the ratio of the amount of Cu complex to particles on the electrical 

resistivity and morphology of sintered Cu patterns are clarified, and the functions of the heat 

treatment temperature and holding time are investigated. The results show that Cu patterns with 

high conductivity of 1.1×10-5 Ω·cm can be easily achieved by using submicron Cu particle/Cu 

complex ink with heat treatment at a low temperature of 140 °C for only 15 min under a nitrogen 
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atmosphere. Furthermore, the sintered patterns maintain a high-qualitative surface morphology 

and favorable thickness, and also exhibit a strong adhesion to polymer substrates which will be 

advantageous for the fabrication of flexible electronic devices. 
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Chapter 3 

Intense pulsed light reinforcement of printed Cu patterns 

3.1 Introduction 

In the chapter 2, the additive of the Cu complex made from Cu(II) formate and 2-amino-

2-methyl-1-propanol could be decomposed into fresh Cu nanoparticles at low temperature of 

140 °C and these fresh and active Cu nanoparticles can play a role of nano-welders in the 

realization of bonding those big Cu particles. However, the resistivity of achieved Cu patterns 

was not stable. And, the resistivity was rapidly increased after several bending cycles because 

of the insufficient sintering and weak adhesion between Cu patterns and substrates. Intense 

pulsed light (IPL) treatment is an effective photonic technology for structural reformation of 

various materials including metals, metal complex, ceramics and so on [1]. It has also been used 

to sinter various Cu nanoparticle inks to achieve highly conductive and stable Cu patterns on 

flexible substrates [2-6]. 

In this chapter, a two-step sintering method involving low-temperature heat-welding and 

subsequent IPL sinter-reinforcement is developed and optimized to realize highly reliable and 

highly conductive Cu patterns. The possible mechanism of the two-step sintering process is also 

discussed. In addition, the effects of substrates and particle sizes on the conductivity of achieved 

Cu patterns are investigated. The flexibility and oxidation resistance of achieved Cu patterns 

are evaluated. Results show that highly conductive and reliable Cu patterns can be easily 

achieved on even heat-sensitive PET substrate by using our Cu particle/Cu complex inks and 

two-stepping sintering process. Also, it should be noted that the printed Cu patterns from our 

submicron Cu particle/Cu complex exhibit excellent oxidation resistance and are superior to 

those from Cu nanoparticles. 

 

3.2 Experimental 

3.2.1 Materials 

Cu (II) formate tetrahydrate (C2O4H2Cu·4H2O, 98%) was purchased from Wako Pure 

Chemical Industries, Ltd. 2-amino-2-methyl-1-propanol (C4H11NO, 98%) was purchased form 
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Nacalai tesque, Inc. Submicron Cu particles with average sizes of 250 nm, 350 nm, and 800 nm 

were provided by Mitsui Mining & Smelting Co., Ltd. PI substrate was purchased from Du 

Pont Toray Co., Ltd. with a thickness of 50 μm while PEN and PET substrates were purchased 

from Toray Industries, Inc. with a thickness of 100 μm. 

 

3.2.2 Ink preparation, screen-printing, and two-step sintering process 

The standard fabrication process of the Cu particle/Cu complex inks has been described in 

section 2.2.2. The prepared inks were printed to form different patterns on PI, PEN and PET 

substrates by the screen-printing method. The thickness of the printed Cu ink is 50 µm. After 

that, the printed Cu inks would be transformed into conductive Cu patterns by using a two-step 

sintering process, as shown in Figure 3.1. The ink-printed substrates were heated at a low 

temperature of 140 oC for 0-15 min under nitrogen (99.99%) atmosphere, followed by IPL 

sinter-reinforcement under an air atmosphere. The IPL system used in this study is PulseForge 

3300 (Novacentrix, Austin, TX, USA) which covers broad band emission range from 200 to 

1500 nm. The water-cooled xenon lamp, located 10 mm from the substrate stage, can create an 

optical energy as a function of the electrical voltage and duration time. In this study, in most 

cases, electrical voltage was fixed at 250 V and the duration time was changed from 550 μs to 

2350 μs to supply optical energy from 471 mJ/cm2 to 2073 mJ/cm2. When studying the effect 

of Cu particle size on the conductivity of achieved Cu patterns, the irradiation duration was 

fixed at 2000 μs and the electrical voltage was changed from 240 V to 300 V to supply optical 

energy from 1700 mJ/cm2 to 3300 mJ/cm2. 

 

 

Figure 3.1 Schematic diagram of two-step sintering process including low temperature heat-
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welding and IPL sinter-reinforcement. 

 

3.2.3 Characterization methods 

The surface and cross section of sintered Cu patterns were characterized by field-emission 

scanning electron microscopy (FESEM, Hitachi SU8020, Hitachi High Technologies America, 

Inc.) and transmission electron microscopy (TEM, JEOL-2100, JEOL Ltd). Focused ion beam 

(FIB, FB2100, Hitachi) was used to make cross-sectional samples with a diameter of 150 mm 

and a standard current of 1.10-2.80 nA. Crystal phase analysis of sintered Cu patterns was 

performed by X-ray diffraction (XRD, Rigaku) using Cu Kα. The electrical resistivity of the 

sintered submicron Cu particle patterns was measured using a four-probe analyzer (LorestaGP 

T610, Mitsubishi Chemical Analytech Co. Ltd). To test the mechanical reliability of sintered 

Cu patterns, two ends of samples were attached onto a pair of grips in a dynamic mechanical 

analyzer (EZ Test, Shimadzu) to measure the tensile (outer bending) and compressive (inner 

bending) performance with a constant speed of 60 mm min-1. In the test, the bending radius (R) 

was calculated using equation 2.1, where L, dL, and Hs denote the initial length, the moving 

distances and the substrate thickness. The change in the electrical resistance of the samples 

during the testing was recorded using an Agilent Technologies 34410A multimeter and an 

Agilent Technologies 11059A Kelvin probe set (Agilent Technologies, Santa Clara, USA) 

through a four-point probe method. The long-term stability of printed Cu patterns without any 

encapsulation was evaluated by exposing them to high temperatures of 140 oC, 180 oC, and 220 

oC in air. The oxidation behaviors of printed Cu patterns were studied by observing their 

resistivity change and corresponding microstructure. The qualitative evaluation of Cu, Cu2O, 

and CuO in printed Cu patterns was also performed by measuring the area under the peaks of 

Cu (111), Cu2O (111), and CuO (111), respectively. 

Bending radius = 𝐿/2π [(
𝑑𝐿

𝐿
) − (π2𝐻s

2/12𝐿2)]
1/2

             (2.1) 

 

3.3 Two-step sintering of Cu particle/Cu complex inks 

As mentioned in most reports, high heat-resistant polyimide (PI) substrate was firstly used 

to clarify the influence of two-step sintering process on the sintered Cu patterns. Figure 3.2a 
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shows the resistivity evolution of sintered Cu patterns. The patterns prepared from only IPL 

sintering without low temperature heat-welding process are insulating even though the supplied 

IPL energy is increased to 2073 mJ/cm2. The color of the printed Cu pattern is kept deep blue, 

indicating the existence of lots of Cu ions corresponding to incomplete decomposition of Cuf-

AMP complex. Cuf-AMP complex can decompose and react into fresh metallic Cu with 

necessary energy. For example, IPL energy as high as 16000-40000 mJ/cm2 resulted in the 

decomposition of similar Cuf-AMP complex into metallic Cu [7], however, the instantaneous 

high energy seriously damaged the flexible substrate and caused a poor microstructure of 

sintered patterns due to large evaporation of organics in a short time [4, 5, 7]. In order to induce 

the mild and complete decomposition of Cuf-AMP complex in the ink in present work, a low 

temperature heat-welding process was firstly applied to form fresh Cu nanoparticles from Cuf-

AMP complex. Three kinds of low temperature heat-welding processes were investigated, 

140 °C for 5, 10 and 15 min, respectively. As shown in the result, the low temperature heat-

welding process significantly improves the conductivity of the sintered Cu patterns. When the 

supplied IPL energy is increased to 1520 mJ/cm2 and 2073 mJ/cm2, the sintered Cu patterns 

with the low temperature welding of 140 °C for 10 min can achieve low resistivities of 1.5×10-

5 Ω·cm and 7.2×10-6 Ω·cm, respectively. Further increase of the supply of energy results in 

partial delamination between sintered Cu patterns and the substrate, so the highest energy used 

in this study is limited to 2073 mJ/cm2. It should be noticed that the low temperature heat-

welding of 140 °C for 10 min is enough and a longer time of 15 min has no obvious benefit on 

the conductivity of the sintered Cu patterns. This can be explained by the thermogravimetric-

differential thermal analysis (TG/DTA) result (Figure 3.3). When temperature is kept on 140 °C 

for about 10 min, no weight-loss is observed, which indicates the decomposition process has 

been completed. 

Figure 3.2b shows the top-view image of the Cu pattern after low temperature heat-

welding of 140 °C for 10 min. The shape of the Cu particles becomes irregular compared with 

that of original Cu particles, which indicates the decomposition product of Cuf-AMP may cover 

the surface of these original submicron Cu particles. And in some local region, the fresh metallic 

Cu from the decomposition of Cuf-AMP complex has helped bond the adjacent big Cu particles. 
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Figure3.2c shows the top-view image of the Cu pattern after low temperature heat-welding of 

140 °C for 10 min and subsequent flash light sinter-reinforcement using energy of 2073 mJ/cm2. 

The submicron Cu particles have been bonded with each other to form high conductive 

pathways, giving the low resistivity of the sintered Cu patterns (7.2×10-6 Ω·cm). In order to 

understand the bonding mechanism between these big Cu particles, the sintered Cu patterns 

were further observed by TEM. Many Cu nanoparticles cover on the surface of big Cu particles 

(Figure3.2d) and also exist between big particles (Figure3.2e). These Cu nanoparticles (5-20 

nm) are easily sintered with low energy due to its high activity. Hence, these in-situ formed Cu 

nanoparticles can play a role of nano-welders in the connection of big Cu particles. On the other 

hand, although these nano-welders can improve the sintering of big Cu particles, prolonging 

the time of low temperature heat-welding does not give a decreased resistivity but a slight 

increased resistivity (Figure 3.4), which might be attributed to the intrinsic oxidation of such 

small Cu nanoparticles under a high temperature for a long time [8]. The rapid flash light 

sintering overcomes the oxidation problem to achieve high conductivity Cu patterns by 

competing with time. During flash light reinforcement, Cu pattern can experience an 

instantaneously high temperatures process and be sintered in very short time thus the process 

can prevent the Cu particles from oxidization. As shown in Figure 3.5, the mapping image of 

element O is uniform without difference between in-situ formed Cu nanoparticles and original 

submicron Cu particles, which proves that the oxidization of in-situ formed Cu nanoparticles is 

avoided by rapid flash light sintering process. Therefore, the low temperature heat-welding and 

subsequent IPL sinter-reinforcement process is a powerful candidate to sinter big Cu particles 

with in-situ nano-welders for highly conductive Cu patterns. 
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Figure 3.2 (a) Resistivity evolution of sintered Cu patterns as a function of the low temperature 

heat-welding and the input energy of IPL (under conditions with energy of >2182 mJ/cm2, the 

sintered Cu patterns were partially peeled off from the substrate), (b) the top-view image of the 

Cu pattern after low temperature welding of 140 °C for 10 min, (c) the top-view image of the 

Cu pattern after low temperature welding of 140 °C for 10 min and subsequent IPL sinter-

reinforcement using energy of 2073 mJ/cm2, (d) scanning transmission electron microscope 

(STEM) image of sintered Cu patterns, and (e) TEM image of the interface between the sintered 

submicron Cu particles. Image c, d, and e are from the same sample. The size of original Cu 

particles is 250 nm. 
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Figure 3.3 TG-DTA plots of submicron Cu particle ink in a nitrogen atmosphere; testing 

condition is that the temperature was heated to 140 °C and then kept on 140 °C for 30 min. 

 

 

Figure 3.4 Resistivity of sintered Cu patterns depending on the holding time at 140 °C in a 

nitrogen atmosphere. 

 

 

Figure 3.5 Element mapping of the sintered Cu pattern after low temperature welding of 140 °C 

for 10 min and subsequent IPL sinter-reinforcement using energy of 2073 mJ/cm2. (a) Bright 

field image, (b) Cu mapping, and (c) O mapping. 
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Furthermore, in order to highlight the additive of Cuf-AMP complex, two-step sintering 

of Cu ink without Cuf-AMP complex was conducted for comparison (Figure 3.6). Result shows 

that sintered Cu patterns prepared from the Cu ink without Cuf-AMP complex have a resistivity 

as high as seven times of that prepared from Cu ink with Cuf-AMP complex. It is convinced 

that the importance of additive Cuf-AMP complex to improve the sintering of submicron Cu 

particles. 

 

 

Figure 3.6 Resistivity evolution of sintered Cu patterns prepared from Cu ink without Cuf-AMP 

complex as function of supply IPL energy. 

 

The microstructural transformation and crystal phase analysis of sintered Cu patterns 

during two-step sintering were further investigated. Figure 3.7 shows the SEM images of 

sintered Cu patterns after two-step sintering with low temperature welding of 140 °C for 10 min 

and subsequent IPL sinter-reinforcement using different energy. For a low energy of 1180 

mJ/cm2, local sintering between adjacent Cu particles is clearly observed although these 

particles still keep the original morphology (Figure 3.7a). The cross-section image also 

confirms that a network structure in small range with small grains size has occurred including 

some clear pores (Figure 3.7d). With the increase of the supply of energy, the contact area 

between adjacent Cu particles is enhanced clearly with distorted particles morphology (Figure 

3.7b). The huge grain size in the network structures is observed clearly in large range, and an 
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evolved dense microstructure is formed even with a few pores (Figure 3.7e), which well 

corresponds to the resistivity evolution of sintered Cu patterns with the increasing supply of 

energy in Figure 3.2a. When the supply of energy increases to 2073 mJ/cm2, the tight connect 

between Cu particles seems to be no change from the surface images, however, some small 

particles are almost disappeared (Figure 3.7c). The cross-section image shows the 

microstructure is largely densified, and the grain size in the network structures is also further 

grown to form a dense and bulk-like microstructure (Figure 3.7f). It corresponds to the low 

resistivity of 7.2×10-6 Ω·cm sintered Cu pattern mentioned above. The resistivity, slightly 

higher than that of pure bulk Cu, is attributed to the denser structure with a small amount of 

voids [9]. 

 

 

Figure 3.7 SEM images of sintered Cu patterns after low temperature welding of 140 °C for 10 

min and subsequent IPL sinter-reinforcement with energy of 1180 mJ/cm2, 1520 mJ/cm2, and 

2073 mJ/cm2 respectively. Top-view images of patterns are shown in a-c and corresponding 

cross sections are shown in d-f. The size of original Cu particles is 250 nm. 

 

Figure 3.8 shows the XRD results of Cu patterns before and after low temperature heat-

welding and subsequent IPL reinforcement. The weak Cu2O phase is observed in the ink (a line) 

and Cu patterns after low temperature heat-welding process (b line). The XRD analysis of pure 

Cuf-AMP pattern after low temperature heat-welding was also conducted and in the result no 

Cu2O phase can be found (Figure 2.4). It suggests that the weak Cu2O phase in a line and b line 
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comes from the original submicron Cu particles. It confirms the reason that the high 

conductivity did not be achieved with only heat-treatment due to the existence of oxides[8]. 

When Cu pattern is further treated by IPL, the intensity of Cu2O phase is largely decreased to 

negligible (c line). As the applied flash light energy increases, the Cu2O phase diminishes, 

leaving the Cu phase only. The reduction of Cu2O phase to pure Cu during IPL sintering is a 

complex reaction of photochemical reaction and thermal reaction, which has been deeply 

studied in many previous researches [5, 10-15]. The existence of organics in ink is the crucial 

factor to reduce Cu2O phase to pure Cu. 

 

Figure 3.8 XRD patterns of (a) the submicron Cu particle ink, (b) the sintered Cu pattern after 

low temperature welding of 140 °C for 10 min and low temperature welding of 140 °C for 10 

min with IPL sinter-reinforcement using energy of (c) 1180 mJ/cm2, (d) 1361 mJ/cm2, (e) 1520 

mJ/cm2, (f) 1660 mJ/cm2, and (g) 2073 mJ/cm2. 

 

3.4 Effect of substrates on the conductivity of achieved Cu patterns 

As mentioned above, the PI substrate is colorful and opaque closing to the ultraviolet 

region (Figure 3.9). Transparent and cheap PET and PEN substrates are preferred substrates 

for most flexible devices. Due to heat-sensitive property of PET and PEN substrates, Cu 

patterns are seldom fabricated successfully on these substrates considering the high energy 

treatment process of oxidized Cu ink. Here, the two-step process can overcome the weak-point 

of high energy. 
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Figure 3.9 Transmittance spectra of PI, PEN, and PET substrates. 

 

Figure 3.10 shows the resistivity evolution of sintered Cu patterns on heat-sensitive PEN 

and PET substrates. The resistivity of sintered Cu patterns on the two kinds of substrates is 

decreased with the applied IPL energy, a same trend seen in the case of PI substrate. The time 

of low temperature welding shows negligible function when the enough flash light energy is 

used. Moreover, due to the particular thermophysical properties of PEN and PET substrates, the 

supply of maximum energy for sintering Cu particles on these substrates is limited. High energy 

would cause the delamination of Cu patterns from the substrates (Figure 3.11) due to photo-

chemical damage to the underlying substrates [9]. As shown in the Fig. 6, the PEN substrate 

can endure the maximum energy of 1273 mJ/cm2 and a low resistivity of 1.65×10-5 Ω·cm was 

achieved while the PET substrate can endure a maximum energy of 1080 mJ/cm2 and a low 

resistivity of 2.7×10-5 Ω·cm was achieved. The slightly higher resistivity, compared with that 

of sintered Cu patterns on the PI substrate, is due to the limited supply of flash light energy, 

which has been reported in most of previous literatures [9, 16]. However, the slightly higher 

resistivity is much lower than those resistivities reported in most of previous literatures even 

though nano-Cu particles were used in their studies. 
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Figure 3.10 Resistivity evolution of sintered Cu patterns on PEN and PET substrates as function 

of time of low temperature welding and IPL energy. 

 

 

Figure 3.11 Sintered Cu pattern peeled off from the substrate due to photo-chemical damage to 

the underlying substrate. 

 

Various studies of sintered Cu patterns for flexible electronic devices have been published, 

using different ink materials, substrates and heat treatment methods. Table 3.1 shows an 

overview in comparison with this study. As shown in the Table 3.1, three kinds of Cu inks are 

studied by researchers: Cu particle ink, Cu precursor ink and hybrid Cu ink. It should be noted 

that Cu nanoparticles (<100 nm) and high heat-resistant PI substrate are typically used by most 

researchers. Due to the limitation of endurable IPL energy, the resistivity of sintered Cu 

nanoparticles patterns on heat-sensitive PET substrate was as high as 5.1×10-5 Ω·cm [9]. 

Contrastively, in our study, submicron Cu particles with average size of 250 nm were used and 

a lower resistivity of 2.7×10-5 Ω·cm is easily achieved on PET substrate by the optimized two-
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step process. The result implies that modification of sintering process and design of Cu particle 

ink with suitable additive are crucial to obtain high conductive Cu patterns on transparent and 

flexible substrates. Furthermore, it is noteworthy that similar Cu ink including Cu particles and 

Cu precursor to make conductive Cu patterns on PI substrate by flash light sintering was 

reported [5]; however, the achieved resistivity of sintered Cu patterns was as high as 2.7×10-5 

Ω·cm, which is about 4 times higher than our result (7.2×10-6 Ω·cm). The reason is that the 

decomposition of these Cu precursor (e.g., Cu(II) chloride, Cu(II) nitrate trihydrate, and Cu(II) 

sulfate pentahydrate) is finished during a short time and result in poor microstructure due to the 

dramatically evaporation of a large amount of by-product gas [4, 7]. Also, the used Cu 

precursors with high decomposition temperatures need high flash light energy for making 

conductive Cu patterns which cannot be accomplished on heat-sensitive substrates such as PEN 

and PET substrates. In our study, the additive of Cuf-AMP complex can decompose at 140 °C 

and transform into fresh and active metallic Cu nanoparticles, which in-situ covers on the 

surface of submicron Cu particles and promotes their contact during low temperature heat-

welding process. The subsequent IPL further improves the sintering of these submicron Cu 

particles with the assistant of active Cu nanoparticles to form dense microstructure and 

therefore generates low resistivities of 7.2×10-6 Ω·cm, 1.6×10-5 Ω·cm and 2.7×10-5 Ω·cmcm on 

PI, PEN and PET substrates under low IPL energies of 2073 mJ/cm2, 1273 mJ/cm2 and 1080 

mJ/cm2, respectively. 

 

Table 3.1 Overview of the reported conductive Cu ink patterns with respect to materials, 

substrate, heat treatment method, and conductivity. 

Ink material 
Liquid/ 

Particle size 
Substrate 

Heat 

treatment 

Resistivity/ 

10-6 Ω·cm 
Ref 

Cu particle 35-60 nm PI 275-325 °C 11.5-92.0  [17] 

Cu particle 5 nm PI Flash light 5.0  [2] 

Cu particle 30 nm PI Flash light 173.0 [3] 

Cu particle 20-50 nm PI Flash light 72.0 [18] 

Cu precursor liquid PI Flash light 3.2−5.3  [7] 
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Cu particle 20–50 nm/2μm PI Flash light 80.0  [19] 

Cu particle 20-50 nm PI Flash light 94.0  [20] 

Cu 

precursor/particle 
liquid/10-70 nm PI Flash light 27.3  [5] 

Cu particle 45 nm PI Flash light 8.6  [21] 

Cu particle <100 nm PET Flash light 51.2  [9] 

Cu particle <100 nm PI Flash light 7.0  [22] 

Cu/Cu10Sn3 

particle 
20−60 nm PEN Flash light 16.0  [16]  

Cu 

precursor/particle 
Liquid/250nm PI/PEN/PET 

140 °C and 

Flash light 
7.2/15.9/26.5 

This 

study 

 

3.5 Effect of Cu particle size on the microstructure and conductivity of printed Cu 

patterns 

Figure 3.12 shows the microstructure evolution of printed Cu patterns prepared from 350 

nm Cu particles. A low input energy of 1700 mJ/cm2 has resulted in local sintering between 

adjacent Cu particles although their surface does not show any significant change (Figure 

3.12a). The corresponding cross-section image also confirms that a weak network structure in 

small range is obtained (Figure 3.12d). With the increase of input energy, the contact areas 

between adjacent Cu particles are clearly enlarged even though the interfaces between them are 

still clear (Figure 3.12b and 3.12e). When the input energy increases to 3300 mJ/cm2, the 

interfaces between Cu particles seem to be disappeared, and meanwhile large necks between 

Cu particles have been observed (Figure 3.12c). The cross-section also confirms that the grains 

are further grown to form a strong network structure (Figure 3.12f). 
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Figure 3.12 (a)-(f) Microstructures of printed Cu patterns after IPL sintering with input energies 

of 1700 mJ/cm2, 2400 mJ/cm2, and 3300 mJ/cm2, respectively. Surface microstructures are 

shown in a-c, and the corresponding cross-section microstructures are shown in d-f. The size of 

Cu particle is 350 nm. 

 

Figure 3.13 shows the microstructure evolution of the printed Cu pattern from 800 nm Cu 

particles. The microstructure evolution is similar to that prepared from particles with a size of 

350 nm. However, there are two different features that should be noted. Firstly, under input 

energies lower than 2400 mJ/cm2, there are many Cu nanoparticles existing on the surface of 

submicron Cu particles (Figure 3.13a-b and Figure 3.13d-e), which is likely to help joining 

adjacent submicron particles. Secondly, when the input energy increases to 3300 mJ/cm2, Cu 

nanoparticles have been well-fused into submicron Cu particles resulting in interfaces 

formation between adjacent particles. However, these submicron Cu particles still retain their 

original morphology (Figure 3.13c and f). 
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Figure 3.13 (a)-(f) Microstructures of printed Cu patterns after IPL sintering with input energies 

of 1700 mJ/cm2, 2400 mJ/cm2, and 3300 mJ/cm2, respectively. Surface microstructures are 

shown in a-c, and the corresponding cross-section microstructures are shown in d-f. The size of 

Cu particle is 800 nm. 

 

The conductivity of Cu patterns prepared from two kinds of Cu particle/Cu complex inks 

was investigated as a function of the of IPL energy as shown in Figure 3.14. It is clear that the 

resistivity of printed Cu patterns decreases with the increase of the input energy, and printed Cu 

patterns with smaller size Cu particles tend to achieve a lower resistivity. For example, when 

the input energy is 2400 mJ/cm2, the resistivity of the printed Cu patterns from 350 nm Cu 

particles is 1.1×10-5 Ω·cm while that of printed Cu patterns from 800 nm Cu particles is as high 

as 2.3×10-5 Ω·cm, about two times higher than the former. A high input energy of 3300 mJ/cm2 

can further decrease the resistivity of printed Cu films prepared from Cu particles with a size 

of 350 nm to 5.8×10-6 Ω·cm though the same treatment exhibits little improvement for 800 nm 

Cu particles. This can be related to the sintering kinetics of particles [23]. Compared with large 

Cu particles, small Cu particles need a lower driving force for the surface atom diffusion 

because of the relative high specific surface area and high surface energy [24, 25]. In addition, 

the light absorption of small particles is stronger than that of big particles, which increases the 

absorption efficiency of flash light energy and therefore improves the sintering efficiency [26]. 

These results are consistent to the microstructures of printed Cu films. For example, after flash 

light sintering with input energy of 3300 mJ/cm2, the 800 nm Cu particles retain their original 

shape even though many necks have been formed among particles due to the contribution of in-
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situ formed Cu nanoparticles. In contrast, at the same input energy of 3300 mJ/cm2, the shape 

of 350 nm Cu particles has been substantially changed and fused with the in-situ formed Cu 

nanoparticles. Therefore, printed Cu films prepared from submicron particles with a smaller 

size tend to achieve a lower resistivity. 

 

 

Figure 3.14 Resistivity of sintered Cu films as a function of the input energy of flash light 

sintering. 

 

3.6 Long-term reliability of Cu patterns 

3.6.1 Bending fatigue test 

Flexible conductive patterns should possess a high reliability and especially maintain their 

electrical performance during different mechanical deformations. Therefore, the sintered Cu 

patterns on PET, PEN and PI substrates under tensile and compressive loading conditions were 

investigated in detail for evaluating their mechanical/electrical characteristics. Outer bending 

test and inner bending test correspond to tensile loading and compressive loading conditions 

respectively. Figure 3.15a shows the change of relative resistance of sintered Cu patterns on 

PET, PEN and PI substrates as function of the outer bending radius. The radius is decided by 

moving distance, as shown in Figure 3.16. The relative resistance (R/Ro) of sintered Cu patterns 

on all kind of substrates increases with the decrease of the bending radius. The electrical 

performance of Cu patterns formed on PET and PEN substrates is well maintained under 

bending radius above 10 mm while that of Cu patterns formed on PI substrate is well maintained 
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even under a harsh bending radius of 7 mm. When the bending radius decreases to about 3.5 

mm, the relative resistances of sintered Cu patterns on PET, PEN and PI substrates are 1.5, 1.4 

and 1.3 respectively. It should be noted that the outer bending test of the sintered Cu patterns 

was performed directly without acceptable surface protection and adjustment of the neutral 

plane to minimize the mechanical stress applied to the patterns, thus such a mechanical and 

electrical reliability can be further improved by suitable surface protection and coordination 

with a stress-free neutral plane in practical electronic devices [16]. Outer/inner bending fatigue 

tests were also conducted and results show that the sintered Cu patterns have high reliability 

without evident degradation of electrical performances, as shown in Figure 3.15b-d. The rapid 

increase in initial stage for all samples is attributed to the release of structural stress inside the 

patterns, which can be easily found in flash light sintered metallic patterns [7, 9, 27].The change 

of relative resistance for inner bending fatigue test is always smaller than that for outer bending 

fatigue test, which is related to the different type of stress during corresponding fatigue test 

because some cracks are accelerated under tensile stress in outer bending but retarded under 

compressive stress in inner bending [28]. The relative resistance of Cu patterns prepared on 

PET, PEN and PI substrates after 1000 bending test is below 1.8, showing a high 

mechanical/electrical reliability. Particularly, for the inner bending fatigue test the relative 

resistance of Cu pattern prepared on PI substrate is merely below 1.1 due to the original low 

resistivity [29]. It is believed that the high electrical reliability can be achievable due to the fully 

densified microstructure and well adhesion between sintered patterns and substrates. Flash light 

can soften substrate locally [30] and therefore improve adhesion between sintered pattern and 

substrates as shown in Figure 3.17. 
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Figure 3.15 (a) Changes of relative resistance of sintered Cu patterns on PET, PEN and PI 

substrates as function of the outer bending radius. (Inset) Photograph of the specimen for outer 

bending test. (b)-(d) Changes of relative resistance of sintered Cu patterns during a repeated 

bending test at a bending radius of 10 mm on PET, PEN and PI substrates, respectively. Low 

temperature welding of 140 °C for 10 min and subsequent IPL using energy of 1080 mJ/cm2, 

1273 mJ/cm2, and 2073 mJ/cm2 were used to make sintered Cu patterns on PET, PEN, and PI 

substrates, respectively. 

 

 

Figure 3.16 Relationship between bending radius and moving distance. 
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Figure3.17 Softening phenomenon of sintered Cu pattern on PEN substrate. 

 

3.6.2 Oxidation resistance test 

The oxidation protection of printed Cu films presents significant challenges for their 

practical applications in electronic devices [10, 31, 32]. In order to evaluate the long-term 

stability of the current printed Cu patterns, they were exposed to high temperatures in air. 

Figure 3.18a, b and c show the changes of the relative resistance of the printed Cu films as a 

function of exposure time at high temperatures of 140 °C, 180 °C and 220 °C, respectively. At 

140 °C, the resistance of both sample A (Cu particles of 350 nm in size) and sample B (Cu 

particles of 800 nm in size) keeps stable values during the initial 5 h and then begins to increase. 

The resistance of sample A shows a higher increase rate than that of sample B. After 64 h, the 

relative resistance of sample A increases to about 2.4 while that of sample B only have a slight 

value less than 1.3. This difference indicates that the printed Cu patterns with large size particles 

are more stable than those with small size particles. In contrast, at 180 °C, the resistance of both 

sample A and B show a high increase rate. The relative resistances of sample A and B increase 

to high values of 12 and 9 after 64 h, respectively. At 220 °C, the relative resistances of both 

sample A and B sharply increase to above 10 only after 5 h. These results indicate that the 

printed Cu patterns are quite sensitive beyond 200 °C. The degeneration in electrical 

conductivity of the printed Cu patterns can be explained by the oxidation of Cu films under the 

high temperatures. As shown in Figure 3.18d, after oxidation at 140 °C, a Cu2O peak clearly 

appears in the XRD pattern of Sample A and with the increase of oxidation temperature the 
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relative intensity of Cu2O peaks in all XRD patterns become stronger. In addition, a high 

temperature exposure at 220 °C induces a formation of CuO phase. 

 

 

Figure 3.18 Change of relative resistance (R/R0) of printed Cu films at temperatures of (a) 

140 °C, (b) 180 °C, and (c) 220 °C, respectively, in air. R0 is the original resistance of the printed 

patterns and R is the resistance of the printed patterns after oxidation at high temperatures. (d) 

XRD patterns of printed Cu films after oxidation in high temperatures for 5 hours. Low 

temperature heating of 140 °C for 10 min and IPL sintering using energy of 3300 mJ/cm2 were 

used to fabricate printed Cu patterns. 

 

Figure 3.19 shows the surface microstructures of the printed Cu patterns after oxidation 

exposure for 5 h at various temperatures. It is clear that there are many oxide particles formed 

on the surface of the printed Cu patterns (Figure 3.19a-f). At 140 °C, the size of the oxide 

particles is fine ranging from 5 to 50 nm (Figure 3.19a, d). With increasing temperature, the 

small oxide particles grow into larger ones. After oxidation for 5 h at 220 °C, the oxide particles 

on the printed Cu patterns grow into 100 nm-200 nm (Figure 3.19c, f). Thus, it can be said that 
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the Cu oxides are easily generated on the surface of printed Cu films and a high temperature 

can accelerate the formation of oxide layer (Figure 3.19c). The oxides formed such as CuO and 

Cu2O are semi-conductive or insulating, so they seriously degrade the electrical property of 

printed Cu films. 

 

 

Figure 3.19 Surface microstructures of printed Cu patterns after oxidation for 5h at (a, d) 140 °C, 

(b, e) 180 °C, and (c, f) 220 °C, respectively. The printed Cu patterns prepared from Cu particle 

ink with an average size of 350 nm are shown in a-c and those prepared from Cu particle ink 

with an average size of 800 nm are shown in d-f. 

 

The oxidation behaviors of printed Cu patterns were further investigated by the analysis 

of their chemical composition. The areas under XRD peaks of Cu (1 1 1), Cu2O (1 1 1), and 

CuO (1 1 1) were measured to estimate the mass fractions of Cu, Cu2O and CuO in the printed 

Cu patterns. Figure 3.20 shows the change of mass fractions of Cu, Cu2O and CuO in printed 

Cu patterns as a function of oxidation time, oxidized at 140 °C, 180 °C, and 220 oC, respectively. 

At 140 oC, only Cu2O and Cu phases are found in the printed Cu patterns. With the increase of 

oxidation time, the mass fraction of Cu decreases and that of Cu2O increases (Figure 3.20a). 

When the oxidation temperature is increased to 180 oC, a CuO phase appears after oxidation 

for 5h. However, its mass fraction keeps as low as about 1 % even though the oxidation time is 

prolonged to 64 h. A higher oxidation temperature of 220 oC causes a similar result that the 

most of the Cu is oxidized to Cu2O rather than CuO even though the oxidation time has been 

prolonged to 64 h. Based on the previous studies [33], it is found that Cu is transfer to Cu2O 
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and then CuO during the oxidation. The rapid transformation of Cu into Cu2O can happen at a 

temperature below 200 °C while the rapid transformation of Cu2O into CuO needs a really high 

temperature above 350 °C. In the current experiment, the highest temperature is 220 °C, thus 

the transformation of Cu2O into CuO is supported to be slow. Therefore, even though the 

oxidation is as long as 64 h, the fraction of CuO is still small. In addition, there are two points 

to be noted: (1) In all cases, the printed Cu patterns prepared from 800 nm particles exhibit a 

higher oxidation resistance than those prepared from 350 nm particles, and (2) compared with 

the oxidation of Cu nanoparticles reported in the previous study [10, 34], the printed Cu patterns 

from submicron Cu particles exhibit much greater oxidation resistance. 

 

 

Figure 3.20 Mass fractions of CuO, Cu2O and Cu in printed Cu patterns as a function of time, 

oxidized at (a) 140 °C, (b) 180 °C, and (c) 220 °C, respectively. Sample A and Sample B mean 

the printed Cu patterns prepared from Cu particles with average sizes of 350 nm and 800 nm, 

respectively. 

 

At 220 °C, the initial Cu particle size effect changes drastically. The relative resistance of 
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printed Cu patterns prepared with 800 nm particles rapidly increases much faster than that with 

350 nm (Figure 3.18c), which is opposite to the results both at 140 °C and at 180 °C (Figure 

3.18a, b). This can be explained by the differences both of chemical composition and of 

microstructure evolution of the printed Cu patterns in oxidation. At 140 °C and at 180 °C, the 

excellent stability of the printed Cu patterns is attributed to the thick and strong conductive 

pathways formed inside the Cu films, even when the outer surface layer of Cu particles is 

oxidized (Figure3.21a-b and d-e). The resistance change of printed Cu patterns also depends 

on the gradual change of chemical composition such as Cu into Cu2O and then CuO. The 

oxidation prefers to occur at particle boundaries due to their high Gibbs free energy [35]. 

Because the printed Cu patterns with large Cu particles contain a smaller number of particle 

boundaries than the patterns fabricated from small Cu particles, they show a higher oxidation 

resistance and thus a higher stability. On the other hand, when the printed Cu patterns are 

oxidized at a higher temperature of 220 °C, the printed Cu pattern prepared from particles with 

a size of 350 nm show a higher stability because rapid oxidation causes their microstructure to 

become dense, which in turn reduce the space of oxygen inside the printed Cu patterns (Figure 

3.21c). In contrast, the loose structure with many large voids in the patterns fabricated from 800 

nm particles provides sufficient space for the oxygen. The sufficient oxygen accelerates the 

oxidation of Cu to Cu2O and then to CuO [36], which is consistent with the result shown in 

Figure 3.20c that the content of CuO in patterns fabricated form 800 nm particles becomes 

higher than that fabricated form 350 nm particle at 220 °C. Especially, the serious oxidation of 

Cu around the voids accelerates the break of pathways between adjacent Cu particles. In other 

words, the initial Cu-Cu metallic bond between the sintered Cu particles was broken by the 

formation of Cu oxides layer at the interface (Figure 3.21f). At this condition, the rapid increase 

of electrical resistance of printed Cu films depends heavily on the degradation of 

microstructures not the change of chemical composition. The similar phenomenon also 

occurred in the sintered Cu joint, in which the formation of Cu2O oxidation layer between Cu 

particles heavily decreased the shear strength of Cu joint [37]. Therefore, the long-stability of 

printed Cu films is attributed to not only the change of chemical composition, but also to the 

microstructure evolution. It is possible to improve the long-stability of printed Cu patterns by 
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tailoring the particle size and guaranteeing a dense microstructure for printed Cu patterns. 

 

 

Figure 3.21 Cross-sectional microstructures of printed Cu patterns after oxidation for 5h at (a, 

d) 140 °C, (b, e) 180 °C, and (c, f) 220 °C, respectively. The printed Cu patterns prepared from 

Cu particles with an average size of 350 nm are shown in a-c and that prepared from Cu particles 

with an average size of 800 nm are shown in d-f. 

 

3.7 Application 

To demonstrate the applicability of the submicron Cu particle ink for flexible electronic 

devices, the sintered Cu patterns were used as conductive wires to light up a LED during the 

bending, folding and twisting, as shown in Figure 3.22. The LED illumination intensity remains 

constant without significant degradation. It strongly suggested that the present Cu ink can be 

used in flexible printed electronic devices or next-generation electronics [38, 39]. Also, V-shape 

dipole Cu antenna patterns were successfully fabricated, as shown in Figure 3.23a. The patterns 

are 30 mm length and 5mm width with an angle of about 30o. The resonant frequency and return 

loss of the printed Cu antennas were measured, as shown in Figure 3.23b. The resonant 

frequency is a natural frequency at which it is easiest to get the radio wave signal. The S11 

parameter of return loss means the loss of signal power during signal reflection in the antenna 

and low S11 parameter indicates high antenna sensitivity which is influenced by resistivity and 

surface roughness of printed antenna patterns [40, 41]. As shown in the results, the return losses 

of printed Cu antennas on PI, PEN and PET substrates are -52 dB, -35 dB and -18 dB, 

receptively, which correspond to the resistivities of sintered Cu patterns. Because a return loss 
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of less than -10 dB indicates an acceptable sensitivity [42, 43], the printed antennas on PI, PEN 

and PET substrates are expected to be high sensitivity. Also, the Cu-tape foil antenna on PEN 

substrate was evaluated for comparison. Its return loss is about -22 dB which is higher than that 

of printed Cu antennas on PI and PEN substrates, confirming that our printed Cu antennas are 

high sensitive. A future Internet of Things (IoT) society, especially in the field of wireless 

communication devices [38, 41], requires technologies for the mass production of high-

performance flexible antennas. Our printed flexible antenna with high sensitivity can meet the 

demand and exhibit high potential as future wireless communication devices. 

 

 

Figure 3.22 Photographs of the LED circuit with a 20 mm-long printed conductive pattern on 

PET, PEN, and PI substrates during the bending, folding, and twisting tests. 
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Figure 3.23 (a) Photographs of 30 mm-long dipole antennas and (b) their return losses. 

 

3.8 Conclusion 

In the chapter, IPL is successfully used to not only reinforce the bonding between 

submicron Cu particle and in-situ formed Cu nanoparticles but also improve the adhesion 

between films and substrates. Highly conductive and reliable Cu patterns are easily achieved 

on various flexible substrates by optimized low temperature heat welding and subsequent IPL 

sinter-reinforcement. The conductivity of printed Cu pattern is about 5.8-7.2×10-6 Ω·cm. It 

should be noted that compared with previous IPL sintering, the two-step sintering process in 

our work overcomes the weak-point of high IPL energy, enabling highly conductive Cu patterns 
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to be fabricated on inexpensive transparent heat-sensitive PET and PEN substrates. The bending 

fatigue test indicates that the sintered Cu patterns have high mechanical/electrical reliability 

due to the robust sintered Cu microstructure and strong adhesion between Cu patterns and 

substrates. The oxidation resistance test indicates the printed Cu patterns from submicron Cu 

particles with Cu complex exhibit excellent oxidation resistance and are superior to those from 

Cu nanoparticles. The degeneration of electrical conductivity of printed Cu patterns at high 

temperatures is attributed to not only the rapid oxidation of Cu to Cu2O but also to the 

microstructure evolution, particularly the breaking of the necks joining adjacent particles. Their 

potential accessibility for flexible electronic device applications was demonstrated with a 

flexible and folding LED circuit and a flexible dipole antenna for wireless power transmission. 

It is believed that the use of big and low-cost Cu particles to create highly reliable and highly 

conductive Cu patterns by a suitable curing process would pave the way for ubiquitous smart, 

flexible and wearable devices. 
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Chapter 4 

Highly stable Cu-Ag alloy patterns fabricated form Cu particle/Ag complex inks 

4.1 Introduction 

Using micron or submicron Cu particles instead of Cu nanoparticles is an approach that 

can improve the oxidation resistance of sintered Cu patterns, but these larger particles are 

difficult to sinter at low temperatures, and they still oxidize eventually because of the intrinsic 

low oxidation resistance of Cu materials [1, 2]. Coating a non-oxidizable graphene shell or a 

Ag shell onto Cu nanoparticles can improve the oxidation resistance of synthesized Cu 

nanoparticles. However, the addition of graphene destroys the purity of the metallic Cu pattern 

and results in a high resistivity—about 5 orders of magnitude higher than that of bulk Cu [3]; 

the Ag shell still cannot protect Cu from oxidation over the long term because Ag shell is easily 

broken by the simultaneous coalescence of the Cu cores and ripening of the Ag shell [4, 5]. 

On the other hand, alloying Cu with Ti, Mg, Al, Pd, Ag, Ni, Cr, or Zr can increase the 

oxidation resistance of Cu by several orders of magnitude [6-9]. This is attributed to the fact 

that alloying elements in Cu can act as dopants and change the concentration of point defects, 

which govern the mobility of Cu ions and reduce the contact with oxygen [7]. Among Cu-based 

alloys, Cu-Ag alloy is regarded as the best solution to enhance the oxidation resistance of 

sintered Cu patterns because of the large improvement in their oxidation resistance along with 

only a slight reduction in the electrical conductivity [10]. Because of the limited solid 

solubilities of the Cu-Ag system under equilibrium conditions, many non-equilibrium 

processing methods have been devised to prepare Cu-Ag alloys. For example, quenching a 

molten Cu-Ag mixture at a high cooling rate can produce a Cu-Ag alloy by preventing the 

normal process of nucleation and growth of equilibrium phases [11]; a Cu-Ag alloy layer can 

be realized by rapid mutual dissolution of Cu and Ag atoms at their interface with ion beam 

bombardment [12]; and mechanical alloying can produce Cu-Ag alloy particles by the repeated 

cold welding and fracture of Cu-Ag particles [13, 14]. A vacuum co-deposition method has also 

been used to create a Cu-Ag alloy layer by inducing the nucleation and growth [15-17]; In 

addition, chemical co-reduction of a Cu salt and a Ag salt under a strong reductant can create a 

Cu-Ag nanoalloy [18-20]. However, these methods demand high temperatures, high pressures, 
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long processing times, and/or high vacuum conditions, and sometimes cause environmental 

pollution (toxic chemicals). None of them can feasibly meet the requirements of printed 

electronics under low temperature in an air atmosphere. 

In this chapter, we develop Cu particle/Ag complex inks and realize the highly stable Cu-

Ag alloy patterns on flexible substrates at a low temperature in the air by using the two-step 

sintering method. The fabrication process of Cu-Ag alloy patterns is studied in detail. Especially, 

the alloying process is discussed and a possible alloying mechanism is proposed. In addition, 

the long-term stabilities of Cu-Ag alloy patterns including high temperature oxidation 

resistance and bending fatigue property are studied. Results show that fabricated Cu-Ag alloy 

electrodes have ultrahigh oxidation resistance that remains stable in air at 180 and 200 °C and 

show great potential for practical use in the fabrication of highly reliable and cost-effective 

printed electronic devices. 

 

4.2 Experimental 

4.2.1 Materials 

Silver nitrate (AgNO3), sulfuric acid (H2SO4), diethyl ether (C4H10O), and diethanolamine 

(C4H11NO2) were purchased form Wako Pure Chemical Industries, Ltd. Ethyl-2-

methylacetoacetate (C7H12O3) was purchased from Tokyo Chemical Industry Co., Ltd. Sodium 

hydroxide (NaOH), 2-amino-2-methyl-1-propanol (C4H11NO), and isopropyl alcohol (C3H8O) 

were purchased form Nacalai Tesque, Inc. Submicron Cu particles with an average size of 350 

nm were provided by Mitsui Mining & Smelting Co., Ltd. Polyimide (PI) substrate with a 

thickness of 77.5 μm was purchased from Du Pont Toray Co., Ltd. 

 

4.2.2 Synthesis of Ag (I) β-ketocarboxylate 

Ag (I) β-ketocarboxylate was synthesized as described previously [21]. Briefly, 1.5 g of 

sodium hydroxide was dissolved in 15 g of deionized water, and then 4.7 g of ethyl-2-

methylacetoacetate was added drop-wise to the resulting solution at 60 °C with a stirring speed 

of 200 rpm. After 60 min, 28.5 g of diethyl ether (C4H10O) was added to the above solution, 

and then the obtained mixture was cooled in an ice bath, followed by the addition of 1.76 g of 
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sulfuric acid. After about 3 min, an obvious stratification phenomenon occurred in the mixture 

and the supernatant layer was saved in a beaker. Next, 3.31g of diethanolamine dissolved in 5 

g of deionized water was added to the beaker. After about 3 min, the stratification phenomenon 

occurred again in the baker and the supernatant layer was removed. Finally, 4.84 g of silver 

nitrate dissolved in 30 g of deionized water was added drop-wise to the beaker, and the white 

Ag (I) β-ketocarboxylate precipitate was created. The Ag (I) β-ketocarboxylate was filtered and 

washed with water and with isopropyl alcohol, and then dried in vacuum for 180 min. 

 

4.2.3 Preparation of Cu particle/Ag complex inks, screen-printing, and sintering process 

The Cu particle/Ag complex inks were prepared as follows: First, the Ag (I) β-

ketocarboxylate was added to 2-ethylhexylamine solvent with a fixed molar ratio of 1:2 and 

stirred for 5 min at room temperature to ensure the complete formation of the Ag complex. Then, 

submicron Cu particles were introduced to the Ag-amino complex at different mass ratios, and 

alcohol solvent was also introduced to adjust the metal load of the Cu-Ag hybrid inks to 35.9 

wt%. Finally, the ink was mixed by a hybrid mixer (HM-500) for 20 min to obtain homogeneous 

Cu particle/Ag complex ink. To facilitate the presentation, we denominate pure Cu, Cu-5Ag, 

Cu-13Ag, Cu-20Ag, and Cu-30Ag, which represent the Ag content in the obtained Cu-Ag 

patterns are 0 wt.%, 5 wt.%, 13 wt.%, 20 wt.%, and 30 wt.% respectively. 

PI film was used as the flexible substrate in this work. To remove any contamination from 

the surface, the PI was cleaned in ethanol and distilled water under an ultrasonicator for 10 min. 

Then the Cu particle/Ag complex inks were printed onto the PI substrates using a screen-

printing method. The thickness of the screen is 50 µm. The printed Cu particle/Ag complex inks 

were sintered by a simple two-step method under an air atmosphere; the printed inks were 

heated to a temperature of 140 °C for 10 min followed by intense pulsed light (IPL) sintering. 

The information about this IPL system can be found in chapter 3. In this study, the duration 

time was fixed at 2100 μs and the electrical voltage was changed from 220 V to 340 V to supply 

optical energies ranging from 1400 mJ/cm2 to 4900 mJ/cm2. 

 

4.2.4 Characterization methods 
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The thermal behaviors of the prepared Cu particle/Ag complex inks were investigated by 

thermogravimetric-differential thermal analysis (TGA-DTA, NETZSCH) at a heating rate of 

10 °C/min. The temperature evolution on the surface of the printed Cu-Ag patterns during IPL 

sintering was evaluated by the simulation software installed in PulseForge 3300 (Novacentrix, 

Austin, TX, USA). The surface and cross-section of sintered Cu-Ag patterns were characterized 

by optical microscopy (OM) and field-emission scanning electron microscopy (FESEM, 

Hitachi SU8020, Hitachi High Technologies America, Inc.) A focused ion beam (FIB, FB2100, 

Hitachi) was used to cut the cross-section samples with a diameter of 80 μm and standard 

current of 0.30-0.60 nA. Transmission electron microscopy (TEM, JEOL-2100, JEOL Ltd.), 

together with elemental mapping, was used to further analyze the microstructure and detailed 

composition of the resulting Cu-Ag alloys. Crystal structures of sintered Cu-Ag patterns were 

determined by an X-ray diffractometer (XRD, Rigaku) using Cu Kα radiation (λ = 0.15418 nm). 

Based on the X-ray diffraction patterns, the solid solubility of Cu into Ag, and Ag into Cu were 

estimated by the Vegard formula, as shown in equation 4.1 [22].  

𝑥 =
𝑎−𝑎1

𝑎2−𝑎1
× 100 %                          (4.1) 

Where a1 and a2 are the lattice parameters of the pure solvent element and solute element, 

respectively; a is the lattice parameter of the solution alloy; and x is the solid solubility. The 

electrical resistivity was measured by a four-point-probe analyzer (LorestaGP T610, Mitsubishi 

Chemical Analytech Co. Ltd.). The long-term stability of the Cu-Ag alloy patterns was 

evaluated by exploring them under high temperatures of 180 °C and 200 °C in air. The 

flexibility of printed Cu-Ag alloy patterns was evaluated by adhesion test and bending fatigue 

test. The adhesion test was performed based on a tape peeling test. The printed Cu pattern was 

cross-cut into individual squares with about 0.5 mm width. Then, 3M tape was pressed on top 

of the Cu pattern and then manually torn off. The method of bending fatigue test has been 

described in section 3.2.3.  

 

4.3 Fabrication of Cu-Ag alloy patterns 

Figure 4.1 show the schematic diagram of directly printing Cu-Ag alloy patterns. Firstly, 

the Cu particle/Ag complex inks were printed onto the PI substrates using a screen-printing 
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method (Figure 4.1a). Under a low pre-curing temperature of 140 °C, the printed ink can 

transform in situ into a special Cu-Ag nanoparticle core-shell structure (Figure 4.1b), which is 

the prerequisite for the formation of Cu-Ag alloy. After that, rapid mutual diffusion between the 

Cu core and the Ag nanoparticle shell can be triggered by supplying the necessary energy [11, 

12, 14]. Considering the light absorption of metal particles, especially nanoparticles, we use an 

IPL sintering technology to drive the rapid diffusion between the Cu core and the Ag 

nanoparticle shell, and achieve a Cu-Ag alloy on flexible substrates under an air atmosphere 

(Figure 4.1c). 

 

 

Figure 4.1 Schematic diagram: (a) screen-printing and fabrication of Cu-Ag alloy patterns or 

circuits by (b) low-temperature pre-curing and (c) rapid IPL sintering under an air atmosphere. 

The inset in the lower right corner is a photograph of the flexible Cu-Ag alloy pattern on a 

polyimide (PI) substrate. 

 

Ion beam bombardment and mechanical alloying are possible methods that can be 

employed to form Cu-Ag alloys, but they are time-consuming and laborious for printed 

electronics. If a thin Ag nanoparticle shell can be deposited on the surface of a Cu core, applying 

suitable energy will drive the rapid diffusion between Cu and Ag to ensure the formation of Cu-

Ag alloy. Hence, the first-step is to create a Ag nanoparticle shell on a Cu core. The in situ 

thermal decomposition of a Ag salt to create Ag metallic nanoparticles is a simple method. 

Normally, the thermal decomposition of Ag salt into metallic Ag is a continuous and random 

nucleation process with formation of both large and small Ag particles [23, 24]. If some seeds 



Chapter 4 Highly stable Cu-Ag alloy patterns fabricated form Cu particle/Ag complex inks 

90 

 

exist, such as the submicron Cu particles in this work, the nucleation of metallic Ag occurs 

preferentially on the surface of these Cu particles; this is called heterogeneous nucleation [25]. 

This process will induce the uniform deposition of a Ag nanoparticle shell on the existing Cu 

particles because of the low interface energy between the Ag-nanoparticle layer and the Cu-

core particles [24, 25]. 

Moreover, the chemical properties, especially the decomposition temperature of the Ag 

salt, determine the application range and the properties of obtained metallic Ag. Importantly, in 

the current study, the decomposition temperature of the chosen Ag salt should be low enough, 

and the reaction should not cause significant organic residues that would interfere subsequent 

sintering and application in printed electronics. Therefore, a Ag-amino complex made from Ag 

(I) β-ketocarboxylate and 2-ethylhexylamine was selected. The decomposition of the Ag (I) β-

ketocarboxylate takes place according to the following reaction [21]. 

CH3COCH(CH3)COOAg → Ag (s) + CO2(g) + CH3COCH2CH3(g)  

Based on the results of thermal gravimetric analysis and differential thermal analysis 

(TGA-DTA) and X-ray diffraction (XRD) (Figure 4.2), the Ag complex could be decomposed 

and reacted to pure Ag without significant residues. Moreover, in the XRD pattern of pure Cu 

ink after 10 min at 140 °C (Figure 4.3a), only the peaks of Cu are found; while in the XRD 

results of Cu-Ag hybrid inks, the peaks of Ag appear. The relative peak intensities of Ag are 

increased with the increase of Ag complex, which confirms that the Ag complex in the hybrid 

ink has been decomposed and reduced to pure Ag after 10 min at 140 °C. 

 

 

Figure 4.2 (a) TG-DTA plots of Ag complex under air atmosphere and (b) XRD pattern of 

received Ag. 



Chapter 4 Highly stable Cu-Ag alloy patterns fabricated form Cu particle/Ag complex inks 

91 

 

The scanning electron microscope (SEM) images provide visual evidence of Cu-Ag 

nanoparticle core-shell structures. Figure 4.3b shows the microstructure of pure Cu ink after 

10 min at 140 °C, where the surfaces of Cu particles remain smooth, and the interfaces between 

every particle are clear. When the Ag complex is added, the surfaces of Cu particles are 

uniformly coated with Ag nanoparticles (Figure 4.3c-f). The size range of the Ag nanoparticles 

is small—from 5 nm to 80 nm—and the average size is about 20 nm. With low Ag content, the 

surface of each Cu particle is partly coated with Ag nanoparticles (Figure 4.3c-d). When the 

Ag content increases to 20 wt.%, the in-situ-formed Ag nanoparticles can almost cover the 

entire surfaces of the Cu particles (Figure 4.3e). When excessive Ag complex is added, the 

generated Ag nanoparticles become dense, and in some areas these Ag nanoparticles have 

become connected to form a continuous layer (Figure 4.3f). 

On the other hand, these in situ Ag nanoparticles have bonded the adjacent Cu particles to 

form some weak pathways. The resistivities of the patterns prepared from Cu-5Ag ink, Cu-

13Ag ink, Cu-20Ag ink, and Cu-30Ag ink after 10 min at 140 °C are as high as ‘nonconducting’, 

100 Ω·cm, 10-3 Ω·cm, and 4×10-4 Ω·cm, respectively. Therefore, they need further sintering 

under a higher temperature or for a longer time. However, it is difficult to achieve high-

conductivity Cu-Ag patterns by traditional sintering methods because of the dilemma that the 

efficient sintering of Ag particles needs a certain content of oxygen [26] while sintering of Cu 

must avoid the existence of oxygen [27]. Furthermore, a long time at high temperature results 

in a structural and phase separation of the Cu-Ag core-shell structures [4, 5]; thus, Cu-Ag alloy 

cannot be obtained. Using a rapid sintering method such as photonic sintering in air should be 

a possible method to solve the above problems. In contrast to the conventional thermal sintering 

technique in which the sample is exposed to high temperatures for a long time, the photonic 

sintering utilizes the light absorption of metal particles and the plasma effects to realize rapid 

sintering in only a few microseconds in an air atmosphere [28, 29]. Because of the very short 

treatment time, not only will the separation of Cu-Ag core-shell structures be prevented, but 

also the oxidation of Cu will be reduced. Moreover, the short time-exposure also avoids 

damaging the substrates [29]. 
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Figure 4.3 Crystal phase and microstructure of printed inks after 10 min at 140 °C under an air 

atmosphere. (a) XRD patterns of printed inks; SEM images of (b) Pure Cu ink; (c) Cu-5Ag ink; 

(d) Cu-13Ag ink; (e) Cu-20Ag ink; and (f) Cu-30Ag ink. 

 

Figure 4.4a shows the resistivity evolution of printed Cu-Ag patterns on PI substrates after 

IPL sintering using different input energies. Printed pure Cu ink, Cu-5Ag ink, and Cu-13Ag ink 

endure the maximum energies of 2700 mJ/cm2, 3400 mJ/cm2, and 4100 mJ/cm2, and achieve 

resistivities of 2.6×10-5 Ω·cm, 7.4×10-6 Ω·cm, and 5.4×10-6 Ω·cm, respectively. When the 

supplied energy exceeds the energy that can be endured, the resistivity of the sintered patterns 

begins to increase because the excessive energy during a short time may cause a huge thermal 

shock and make the metal particles fall off the substrate (Figure 4.5a-b). On the other hand, 

printed Cu-20Ag ink and Cu-30Ag ink can endure a higher energy of 4900 mJ/cm2 and achieve 
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the very low resistivities of 3.4×10-6 Ω·cm and 4.2×10-6 Ω·cm, respectively, which is only two 

or three times that of bulk Cu. It should be noted that the printed Cu-Ag hybrid inks can endure 

a higher energy than that for printed pure Cu ink, which may relate to the pre-bonding between 

Cu particles by in-situ-formed Ag nanoparticles, as shown in Figure 4.3c-f. The in-situ-formed 

Ag nanoparticles help bond the Cu particles, and enough connection between these Cu particles 

can enable them to endure high energies/thermal shock while retaining a good surface (Figure 

4.5c-d). Therefore, the patterns prepared from Cu-Ag hybrid inks under IPL sintering can 

possess a lower resistivity than those prepared from pure Cu ink. 

The microstructural transformation of printed Cu-Ag patterns after IPL sintering was 

investigated to support their resistivity evolution. Under a low energy of 1800 mJ/cm2, metallic 

Ag nanoparticles have begun to fuse with Cu particles, and local connection/sintering between 

adjacent particles is clearly observed, although these large Cu particles still retain a globose 

morphology (Figure 4.4b). The cross-section image confirms that a short-range network 

structure has occurred with some clear pores (Figure 4.4c). Upon increasing the energy to 2700 

mJ/cm2, the Ag nanoparticles and Cu particles are fused into an integral whole and obvious 

necking growth has begun to form large grains (Figure 4.4d); meanwhile, an evolved dense 

microstructure is formed at the bottom of the pattern with a few pores (Figure 4.4e), which 

corresponds closely to the resistivity evolution of printed Cu-Ag patterns in Figure 4.4a. When 

the supplied energy increases to 4100 mJ/cm2, the surface of the printed Cu-Ag pattern become 

very dense without any pores (Figure 4.4f). The cross-section image also gives a very dense 

and bulk-like microstructure without pores (Figure 4.4g), which corresponds to the low 

resistivity of 3.4×10-6 Ω·cm shown in Figure 4.4a. The dense, fused structure also confirms the 

feasibility of IPL sintering of Cu-Ag patterns even within the short time of 2.1 ms. During IPL 

sintering, the light energy is selectively absorbed by metal particles, especially Ag nanoparticles, 

because these nanoparticles have a high surface/volume ratio. This is expected to quickly 

increase the temperature, which will induce surface melting and atomic diffusion to realize the 

rapid necking growth between adjacent particles depending on light intensity [28, 30, 31]. It is 

known that the sintering of submicron Cu particles is difficult. However, in the present work, 

the in-situ-formed Ag nanoparticles adsorb light energy by a self-heating effect; and, thanks to 



Chapter 4 Highly stable Cu-Ag alloy patterns fabricated form Cu particle/Ag complex inks 

94 

 

the high thermal conductivity of Ag and Cu, the heat can be transferred rapidly to the Cu core. 

This means that the Ag nanoparticle shell can play the role of a nano-welder to assist in the 

sintering of adjacent submicron Cu particles [1, 32]; which in turn also explains why the 

patterns prepared from Cu-Ag hybrid inks can possess a lower resistivity than those prepared 

from pure Cu ink. 

 

 

Figure 4.4 (a) Resistivity evolution of a printed pure Cu pattern and Cu-Ag patterns as function 

of supplied energy of IPL sintering (Number of pulses: 1; On-time: 2.1 ms). (b-g) 

Microstructure of printed Cu-20Ag inks after IPL sintering using energies of 1800 mJ/cm2, 

2700 mJ/cm2, and 4100 mJ/cm2, respectively. Top-view images are shown in b, d, and f; and 

the corresponding cross sections are shown in c, e, and g. Before the IPL sintering, all the 

printed patterns had been heated at 140 °C for 10 min under an air atmosphere. 
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Figure 4.5. Photographs of printed patterns after IPL sintering with different energies. (a) 

Printed patterns prepared from pure Cu ink after IPL sintering using the energy of 3400 mJ/cm2; 

(b) Printed pattern prepared from Cu-5Ag ink after IPL sintering using the energy of 4100 

mJ/cm2; (c) Printed pattern prepared from Cu-20Ag ink after IPL sintering using the energy of 

3400 mJ/cm2; (d) Printed pattern prepared from Cu-20Ag ink after IPL sintering using the 

energy of 4900 mJ/cm2. 

 

The crystal phases in the sintered Cu-Ag patterns were further investigated by XRD. 

Figure 4.6a shows the XRD patterns of sintered Cu-Ag patterns after IPL sintering with 

different energies. Only Cu and Ag peaks are found in the XRD patterns, which indicates that 

the obtained patterns have high metallic purity without any oxides. Specially, an interesting 

point should be noted that the Cu and Ag peaks have shifted significantly compared to those of 

pure metals when the supplied energy of IPL sintering was greater than 3400 mJ/cm2. In order 

to ascertain that the peak shifts are not due to residual stress in the flexible patterns, a pure Ag 

pattern and a pure Cu pattern were also prepared using the same technique with a supplied 

energy of 4100 mJ/cm2, and no shifted peaks can be found in the results (Figure 4.7). The 

formation of Cu-Ag alloy may be a suitable and reasonable explanation because the peak shift 

in the XRD patterns is a feature frequently observed for solution alloy materials [33]. 
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For more details, Table 4.1 collects the 2θ positions and interplanar spacing of Ag(1 1 1), 

Ag(2 0 0), Ag(2 2 0), Cu(1 1 1), Cu(2 0 0), and Cu(2 2 0) diffraction peaks in the Cu-Ag patterns 

after IPL sintering. Figure 4.6b and Figure 4.6c show the 2θ positions and interplanar spacing 

of Ag(1 1 1) and Cu(1 1 1) diffraction peaks, respectively, after IPL sintering. With increasing 

energy of IPL sintering, the Ag(111) peak (38.16°) shifts to the right-hand side (38.89°), while 

the Cu(111) peak (43.34°) shifts to the left-hand side (43.02°) (Figure 4.6b). At the same time, 

the interplanar spacing of the Ag(111) direction (2.3511 Å) decreases to 2.3145 Å, but that of 

the Cu(111) direction (2.0862 Å) increases to 2.1007 Å (Figure 4c). It should be noted that the 

shifted directions of the Ag(1 1 1) and Cu(1 1 1) peaks and the variation trends of their 

interplanar spacing are opposite. These results are related to the different atomic radii of Cu 

(0.14 nm) and Ag (0.17 nm). On the basis of the Hume-Rothery rules, elements Cu and Ag can 

form substitutional binary alloys [33]. Since the Cu atom is smaller than the Ag atom, the 

dissolution of Cu atoms into a Ag matrix causes lattice contraction while the dissolution of Ag 

atoms into a Cu matrix cause lattice expansion (Figure 4.8). This indicates that the present Cu-

Ag alloy is a mixture of Cu atoms in a Ag matrix and Ag atoms in a Cu matrix. 

Moreover, the solid solubilities of Cu in Ag and Ag in Cu were estimated by using the 

Vegard formula [22], together with the average lattice constants obtained from the Ag(111), 

(200), and (220) diffraction peaks and the Cu(111), (200), and (220) diffraction peaks. As shown 

in Figure 4.6d, dissolution of Cu into Ag occurs at a low energy of photonic sintering (1400 

mJ/cm2), and with the increase of energy, the solubility of Cu in Ag increases rapidly and finally 

achieves a saturation value of about 14.78 at.%. On the other hand, the Ag is essentially 

insoluble in Cu until the applied energy exceeds 2700 mJ/cm2. The highest solubility of Ag in 

Cu, 4.75 at. %, is achieved when the energy increases to 4900 mJ/cm2; this might be related to 

the sizes of Cu and Ag atoms. On the other hand, the enthalpy of dissolving Cu into Ag is 

reported to be 0.25 eV per atom, and the enthalpy of dissolving Ag into Cu is 0.39 eV per atom 

[34]. The smaller enthalpy of dissolving Cu into Ag crystals also explains why the dissolution 

of Cu atoms into Ag is easier, and the solubility of Cu into Ag is greater than that of Ag into Cu 

under IPL sintering with the same energy. 
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Figure 4.6 (a) XRD patterns of Cu-20Ag ink after IPL sintering with energies of (1) 0 mJ/cm2, 

(2) 1400 mJ/cm2, (3) 1800 mJ/cm2, (4) 2200 mJ/cm2, (5) 2700 mJ/cm2, (6) 3400 mJ/cm2, (7) 

4100 mJ/cm2, and (8) 4900 mJ/cm2. Before the IPL sintering, all the samples had been heated 

at 140 °C for 10 min in air. (b) 2θ positions of Ag(111) and Cu(111) diffraction peaks; (c) 

Spacing of Ag(111) and Cu(111) diffraction directions; (d) Theoretical calculated solid 

solubility of Cu in Ag, and Ag in Cu. 

 

 

Figure 4.7 XRD patterns of (a) pure Cu and (b) pure Ag after IPL sintering using the energy of 

4100 mJ/cm2. 
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Table 4.1 2θ positions and interplanar spacing (d) of Ag(1 1 1), Ag(2 0 0), Ag(2 2 0), Cu(1 1 1), 

Cu(2 0 0) and Cu(2 2 0) diffraction peaks. The samples prepared from IPL sintering with 

different energies.  

 Ag(1 1 1) Ag(2 0 0) Ag(2 2 0) 

Energy (mJ/cm2) 2θ (°) d (Å) 2θ (°) d (Å) 2θ(°) d (Å) 

0 38.160 2.3564 44.402 2.0385 64.530 1.4429 

1400 38.250 2.3511 44.423 2.0377 64.665 1.4402 

1800 38.294 2.3485 44.46 2.0360 64.754 1.4385 

2200 38.43 2.3405 44.644 2.0281 64.980 1.4340 

2700 38.518 2.3353 44.776 2.0224 65.159 1.4305 

3400 38.923 2.312 45.227 2.0032 65.835 1.4174 

4100 38.836 2.3169 45.225 2.0034 65.701 1.4200 

4900 38.878 2.3145 45.226 2.0033 65.789 1.4183 

 Cu(1 1 1) Cu(2 0 0) Cu(2 2 0) 

Energy (mJ/cm2) 2θ (°) d (Å) 2θ (°) d (Å) 2θ (°) d (Å) 

0 43.377 2.0843 50.490 1.8061 74.205 1.2769 

1400 43.335 2.0862 50.489 1.8061 74.160 1.2776 

1800 43.338 2.0861 50.490 1.8061 74.200 1.2769 

2200 43.336 2.0862 50.490 1.8061 74.204 1.2769 

2700 43.290 2.0883 50.444 1.8076 74.070 1.2789 

3400 43.020 2.1008 50.131 1.8182 73.530 1.2869 

4100 43.018 2.1009 50.131 1.8182 73.529 1.2870 

4900 43.022 2.1007 50.175 1.8167 73.531 1.2869 
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Figure 4.8 Schematic illustrating how the lattice is strained by the addition of Cu atom in Ag 

matrix and Ag atom in Cu matrix. 

 

The formation and composition of the Cu-Ag alloy was further confirmed by scanning 

transmission electron microscopy (STEM). Figure 4.9a shows the STEM image of a Cu-Ag 

alloy pattern prepared from Cu-20Ag ink, where two contrast areas (bright area and dark area) 

are clearly seen, indicating two different phases. Elemental distribution analysis gives the 

detailed information (Figure 4.9b-c). The dark area corresponds to the Cu-rich phase, and the 

bright area is the Ag-rich phase. This confirms that Cu and Ag elements have diffused into each 

other to form solid solutions and to form core-shell structures consisting of Cu-rich cores and 

Ag-rich shells. Moreover, the detailed composition of the Cu-rich phase was determined by 

analyzing more than 20 spots, such as spots (A-C) marked in Figure 4.9a. All the spots are the 

Cu-rich phase, showing a high Cu content from 95.24 to 95.60 at.% and a weak Ag content 

from 4.40 to 4.76 at.%; their average composition is 95.41 at.% of Cu and 4.59 at.% of Ag 

(Table 2), which is consistent with the theoretical calculations based on XRD patterns (Figure 

4.6d). 
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Figure 4.9 (a) STEM image of Cu-Ag alloy pattern prepared from Cu-20Ag ink and 

corresponding TEM mapping images of (b) elemental Cu and (c) elemental Ag. The sample 

was heated at 140 °C for 10 min, followed by the IPL sintering using an energy of 4900 mJ/cm2. 

 

Table 4.2 The detailed information of marked points in Figure 4.9a. 

Point Cu content (at %) Average (at %) Ag content (at %) Average (at %) 

A 95.60 

95.41 

4.40 

4.59 B 95.24 4.76 

C 95.38 4.62 

 

The solid solubility of Ag into Cu is also realized in Cu-5Ag ink (about 3 at.% Ag). The 

Ag content in the pattern is lower than the maximum solubility of Ag in Cu obtained by the 

present process, thus it is anticipated that all the Ag atoms will dissolve into the Cu matrix and 

form a Cu-Ag alloy with only a Cu-rich phase. Figure 4.10a shows the XRD patterns of Cu-

Ag patterns after IPL sintering using different energies. The peaks of Ag and Cu can be found 

in the XRD patterns under a low energy of IPL sintering (less than or equal to 1800 mJ/cm2); 

while under a higher energy, the peaks of Ag cannot be found in the resulting XRD patterns; 

meanwhile the positions of the Cu peaks have been shifted to the left-hand side, which agrees 

with the formation of Cu-Ag alloy as discussed above. The disappearance of Ag peaks in the 

XRD patterns is related to the complete dissolution of Ag into Cu. The Cu-Ag alloy pattern was 

further examined by high-resolution TEM (HR-TEM) analysis (Figure 4.10b). The lattice 

spacing of 1.81 Å corresponds to the (200) plane of the Cu-rich phase. The selected area 
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electron diffraction (SAED) pattern from the TEM analysis (inset of Figure 6b) shows only a 

Cu-rich phase. Figure 4.10c shows the transmission electron microscopy (TEM) image of the 

Cu-Ag alloy, and the corresponding TEM mapping images are shown in Figure 4.10d and 4.10e. 

The Ag is uniformly distributed in the Cu matrix without any Ag-rich phase, which confirms 

that uniform solid solubility of Ag into Cu can be realized by the present method. 

Normally, in order to obtain Cu-Ag alloys from Cu-Ag nanoparticle core-shell structures, 

a high energy input is essential to drive the intermixing and mutual dissolution between adjacent 

Ag and Cu atoms. Under IPL sintering, incident photons are selectivity absorbed by Cu-Ag 

nanoparticle core-shell structures and converted into heat energy [35], which is expected to 

increase the temperature at the surface of Cu-Ag nanoparticle core-shell structure, especially 

those contact surfaces between Cu cores and Ag nanoparticles because of their strong light 

absorption [29, 36]. The high temperatures generated at the interfaces of Cu cores and Ag 

nanoparticles could induce surface melting [37] and drive the rapid atomic diffusion between 

Cu and Ag, realizing the mutual solution of Cu in Ag and Ag in Cu. The resulting solubilities 

of Cu in Ag and Ag in Cu are related to the temperature and corresponding rate of diffusion of 

Cu in Ag and Ag in Cu. Therefore, the average temperature on the surface of printed Cu-Ag 

patterns was evaluated by the simulation of temperature evolution on the Cu-Ag patterns using 

some parameters of thermal conductivity, specific heat, melt temperature and density of both 

Cu and PI substrate (Table 4.3 and Table 4.4). The thickness of printed Cu film and PI substrate 

was set to 2 μm and 77.5 μm, respectively. Although this may be different from the actual 

temperature at some local surfaces between Cu cores and Ag nanoparticles, it can help us to 

understand the IPL sintering. According to the simulation results (Figure 4.11), the temperature 

on the surface of Cu-Ag patterns increases with increasing supplied photonic energy, and when 

the energy increases to 4100 mJ/cm2, the temperature on the surface of Cu-Ag pattern reaches 

a value as high as about 850 °C. Considering the Cu-Ag phase diagram, this high temperature 

confirms the possibility of rapid mutual diffusion between Cu and Ag atoms and the dissolutions 

of Cu in Ag, and Ag in Cu. Therefore, rapid IPL sintering facilitates the creation of Cu-Ag 

alloy—i.e., a core-shell structure with a Cu-rich core and a Ag-rich shell—from the Cu-Ag 

nanoparticle core-shell structure. Also, because the IPL-sintering-induced Cu-Ag alloying takes 
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place primarily in the solid state, it avoids the liquid state miscibility gap and phase separation 

between Cu and Ag [33]; and thus can keep the dissolution of Ag in Cu and Cu in Ag to room 

temperature easily. Therefore, Cu-Ag alloy patterns can be easily obtained by using a Cu-Ag 

hybrid ink and the two-step sintering process. Moreover, it is noteworthy that the route can be 

extended to obtain various other alloy patterns/circuits such as Cu-Ni, Cu-Ti or Cu-Cr alloys 

on preferred substrates because of its readily adaptable process and simple mechanisms. 

 

 

Figure 4.10 (a) XRD patterns of Cu-Ag prepared from Cu-5Ag ink after photonic sintering 

with energies of (1) 0 mJ/cm2, (2) 1800 mJ/cm2, (3) 2200 mJ/cm2, (4) 2800 mJ/cm2, (5) 3400 

mJ/cm2, and (6) 4100 mJ/cm2; (b) HRTEM image of Cu-Ag solution alloy with a SAED pattern 

shown in the inset; (c) TEM image of Cu-Ag solution alloy, and corresponding TEM mapping 

images of (d) elemental Cu and (e) elemental Ag. 

 

Table 4.3 Parameters of Cu-Ag electrode and PI substrate used in the simulation. 

Material 

name 

Thermal conductivity 

(W/mk) 

Mass density 

(g/cm3) 

Specific heat 

(J/kg) 

Melt 

temperature (o) 

Cu 401 8.69 382.5 1084.6 
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PI 0.52 1.43 1150 340 

 

 

Table 4.4 Parameters of IPL sintering. 

Voltage 

(V) 

Pulse duration 

(µs) 

Pulse 

number 

Pulse frequency 

(Hz) 

Input energy  

(mJ/cm2) 

220 2100 1 1 1100 

240 2100 1 1 1800 

260 2100 1 1 2200 

280 2100 1 1 2700 

300 2100 1 1 3400 

320 2100 1 1 4100 

340 2100 1 1 4900 

 

 

Figure 4.11 (a) Simulation model and (b) temperature evolution on the surface of Cu-Ag 

electrodes under different energy inputs of IPL sintering. 

 

4.4 Long-term stability of Cu-Ag alloy patterns 

The Cu-Ag alloy is considered to be a promising material to avoid oxidation and maintain 

high conductivity even at high temperatures and in an air atmosphere. Figure 4.12a shows the 

change of relative resistance of printed patterns at 180 °C in air. The patterns were prepared 
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using the optimized photonic energy based on the data in Figure 4.4a. The relative resistance of 

a pattern prepared from pure Cu ink rapidly increases to 24 after 64 h while the relative 

resistance of the Cu-Ag alloy patterns remains almost stable. After 128 h, the relative resistance 

of the pure Cu pattern increases to over 106 while that of Cu-Ag alloy patterns have only a slight 

increase to less than 8. This indicates that the preferential oxidation of Cu can be inhibited 

remarkably by the formation of Cu-Ag alloy. Moreover, the oxidation resistance of the Cu-Ag 

alloy depends on the amount of Ag. In terms of the free energy, the Ag-rich phase at the surface 

can be more stable than the Cu-rich phase because of the higher surface energy of Cu (1.85 

J/m2) compared to that of Ag (1.25 J/m2) [38]; thus, the Cu-Ag patterns containing higher Ag 

content show higher oxidation resistance. In the current work, Cu-Ag alloy patterns prepared 

from Cu-20Ag ink and Cu-30Ag ink show similar oxidation resistant trends in which the 

relative resistance is less than 3 even after 128 h. Therefore, 20 wt.% Ag in the ink is deemed 

to be enough for the prevention of Cu oxidation. 

Figure 4.12b shows the change of relative resistance of Cu-Ag alloy patterns prepared 

from Cu-20Ag ink with different energies of IPL sintering. They were also exposed to 180 °C 

in air. The relative resistance of printed patterns using an energy of IPL sintering below 2700 

mJ/cm2 rapidly increases above 150 after 128 h. However, once the energy of photonic sintering 

increases above 2700 mJ/cm2, the obtained patterns become astonishingly stable and the 

relative resistance remains below 3 even after 128 h. This can be explained by the different 

alloy composition in the obtained patterns. When the energy of IPL sintering is below 2700 

mJ/cm2, the diffusion between Cu and Ag is inefficient, and the resulting patterns contain two 

kinds of phases: a Ag-rich phase containing Cu, and a pure Cu phase (Figure 4.6). The pure Cu 

can be easily oxidized during the oxidation aging, which results in a rapid increase in relative 

resistance. In contrast, when the energy increases beyond 2700 mJ/cm2, the increased diffusion 

between Cu and Ag atoms is sufficient to activate the dissolution of Ag into Cu; thus, the 

composition of the resulting patterns transforms into a Ag-rich phase containing Cu and a Cu-

rich phase containing Ag (Figure 4.6). The elimination of the pure Cu phase contributes to the 

further improvement of the oxidation resistance of the obtained Cu-Ag alloy patterns. 

Further oxidation evaluations were conducted on patterns prepared from pure Cu ink and 
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Cu-20Ag ink at 180 °C and 200 °C as shown in Figure 4.12c and d. After 128 h at 200 °C, the 

relative resistance of the pattern prepared from pure Cu ink increased to 2.1 × 108, while patterns 

prepared from Cu-20Ag ink showed a very low increase of 14. Also, the oxidation resistance 

of our Cu-Ag alloy patterns is significantly better than those reported by other studies (Figure 

4.12d). For example, the relative resistance of Cu-Ag hybrid patterns increases rapidly to 5 after 

only 2 h at 180 °C [39] while that of our obtained Cu-Ag alloy pattern remains unchanged until 

the oxidation time is longer than 64 h. This may be ascribed to the special structure in Cu-Ag 

alloy patterns where the Ag-rich phase shows a net-like structure and surrounds the Cu rich 

phase (Figure 4.9). In contrast, Cu-Ag hybrid patterns are a simple mixture of Cu particles and 

Ag particles that cannot realize a uniform coating of a Ag-rich phase on the surface of the Cu-

rich phase [40]. 

 

 

Figure 4.12 Oxidation resistance of printed pure Cu and Cu-Ag alloy patterns. Relative 

resistance (R/R0) as a function of oxidation time at different temperatures in air. R0 is the 

original resistance of printed patterns and R is the resistance of the printed patterns after 

oxidation under high temperatures. (a) Relative resistance of patterns prepared from pure Cu, 

Cu-5Ag, Cu-13Ag, Cu-20Ag, and Cu-30Ag at 180 °C; (b) Relative resistance of Cu-Ag 
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solution alloy patterns after different energies of IPL sintering at 180 °C; (c) Relative resistance 

of a pure Cu pattern at 180 °C and 200 °C; (d) Relative resistance of Cu-Ag solution alloy 

patterns prepared from Cu-20Ag ink at 180 °C and 200 °C, compared with reported values for 

Cu-Ag hybrid patterns. 

 

In addition, the flexibility of printed Cu-Ag alloy patterns was evaluated by adhesion test 

and bending test. Figure 4.13a shows the result of the adhesion test of printed Cu-Ag alloy 

pattern. The pattern was prepared from Cu-20Ag ink after low pre-curing temperature of 140 °C 

and IPL sintering using energies of 2700 mJ/cm2. Result shows that the Cu-Ag alloy pattern 

firmly adheres to the PI substrate and does not peel off at all; this indicates the printed Cu-Ag 

alloy pattern has a strong adhesion to the substrate. Figure 4.13b shows the results of the 

bending test of printed Cu-Ag alloy patterns. The change of resistance of printed Cu-Ag alloy 

patterns was measured during the bending fatigue test. The results show that printed Cu-Ag 

alloy patterns have highly mechanical bending properties without evident degradation of 

electrical performances. After 1000 cycles, the relative resistances of printed patterns keep 

below 1.2, 1.4 and 2.2 at bending radiuses of 5, 7 and 10 mm, respectively. It is believed that 

the high flexibility can be achievable due to the fully densified microstructure and well adhesion 

between printed patterns and substrate. 

 

 

Figure 4.13 (a) Adhesion test and (b) Changes of relative resistance (R/R0) of printed Cu-Ag 

alloy patterns during a repeated bending test at bending radiuses of 5, 7 and 10 mm, respectively. 

R0 is the resistance of printed patterns before bending test and R is the resistance of the printed 

pattern during bending test. (Inset) Photograph of the specimen for bending test. 



Chapter 4 Highly stable Cu-Ag alloy patterns fabricated form Cu particle/Ag complex inks 

107 

 

4.5 Conclusion 

Printable and flexible Cu-Ag alloy patterns with high conductivity and ultrahigh oxidation 

resistance have been successfully fabricated by using a newly developed Cu particle/Ag 

complex ink and a simple two-step sintering process. The Cu particle/Ag complex ink firstly 

transforms into a Cu-Ag nanoparticle core-shell structure under a low temperature of 140 °C in 

air and then further transforms into Cu-Ag alloy under IPL sintering which induces rapid 

diffusion between the Cu core and the Ag nanoparticle shell. It was revealed that the obtained 

Cu-Ag alloy pattern has a bulk-like microstructure and shows a very low resistivity of 3.4×10-

6 Ω·cm (50% of the bulk conductivity of Cu). Most importantly, it was clearly demonstrated 

that the Cu-Ag alloy has a special core-shell structure with a Cu-rich phase in the core and a 

Ag-rich phase in the shell, showing a high stability. The printed flexible Cu-Ag alloy patterns 

have ultrahigh oxidation resistance that remains stable in air at 180 °C and 200 °C and shows 

great potential for practical use in the fabrication of highly reliable and cost-effective printed 

electronic devices. 
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Chapter 5 

Self-catalyzed Cu-Ag complex inks for ultra-low temperature fabrication of conductive 

patterns 

5.1 Introduction 

As found in chapter 4, printable and flexible Cu-Ag alloy patterns can be realized by using 

developed Cu particle/Ag complex ink and two-step sintering method, which can greatly 

improve the oxidation resistance of printed conductive patterns. However, it should be noted 

that the alloying process needs a high energy for inducing the mutual diffusion between Cu and 

Ag elements. It cannot be compatible with heat sensitive substrates such as PET, even though 

the rapid ILP sintering is used. On other hands, several other kinds of Cu/Ag hybrid inks have 

been proposed for improving the oxidation resistance of printed conductive patterns, such as 

Cu nanoparticle/Ag nanoparticle mixture inks [1, 2], Cu/Ag core-shell nanoparticle inks [3, 4], 

and Cu/Ag bimetallic nanoparticle inks [5]; however, all these particle-type inks need a high 

annealing temperature above 200 °C to remove organic compounds and sinter particles [3, 5], 

which limits their practical applications on heat-sensitive film substrates, such as textile, paper, 

PET. 

To reduce the temperature, using metal complex inks is a possible approach. They are 

different from particle-type inks which need a high annealing temperature to promote necking 

among particles. Metal complex inks directly transform into pure metal patterns by a low 

temperature thermal decomposition process [6-9]. Schubert et al. reported a kind of Ag complex 

ink decomposed at 130 °C for 60 min to form highly conductive patterns (6.8×10-6 Ω·cm)[10]. 

Our previous work also demonstrated that the annealing temperature of Ag complex can be 

decreased to 100 °C by changing the complex groups [11, 12]. Besides these Ag complexes, 

Cu complexes possessing their own benefits have also been studied recently [13, 14]. Yabuki 

et al. reported various Cu complex inks composed of Cu formate and different amine solvents 

which can be annealed at 140 °C [15]. Farraj et al. investigated the decomposition mechanism 

of Cu complex inks and obtained the lowest resistivity of 1.05×10-5 Ω·cm at 190 °C [6]. 

Compared with Ag complex inks, Cu complex inks need a higher annealing temperature above 

140 °C. The temperature is still harsh for most heat-sensitive substrates. Very recently, Farraj 
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et al. reported that low-pressure plasma could drive the decomposition of Cu complex to form 

metallic Cu at a temperature less than 70 °C [16]; however, the low-pressure plasma method is 

time-consuming and not compatible to rapid roll-to-roll mass production processes because of 

the high complexity, small irradiation area, and expensive equipment. It is known that metal 

nanoparticles, such as Pt, Au, Cu, and Ag nanoparticles, have excellent catalytic activity to 

accelerate the decomposition of metal complex into pure metal particles under mild and low-

temperature conditions [17-19]. If the Cu and Ag complexes are mixed and annealed, the in-

situ formed fresh metal nanoparticles are likely to play a role of catalyst that can promote 

decomposition and trigger the reduction of complexes at an ideal low temperature. 

In this chapter, Cu-Ag complex inks are developed for printing conductive patterns of low 

cost, high stability, and high conductivity on heat-sensitive substrates such as polyethylene 

terephthalate (PET) substrate. The inks show an obvious self-catalyzed characteristic due to the 

in-situ formation of fresh metal nanoparticles which promote rapid decomposition and sintering 

of the inks at a low temperature below 100 °C. The temperature is 40-60 °C lower than those 

of general Cu complex inks and 100-120 °C lower than those of general Cu/Ag particle inks. 

Highly conductive Cu-Ag patterns of 2.80×10-5 Ω·cm and 6.40×10-5 Ω·cm have been easily 

realized at 100 °C and 80 °C, respectively. In addition, the printed Cu-based patterns not only 

show high oxidation resistance at high temperatures up to 140 °C (the maximum tolerable 

temperature of current PET substrate) but also show excellent stability at high humidity of 85 % 

because of the very uniform Cu-Ag hybrid structure. The printable patterns exhibit great 

potential application to various wearable devices on textiles, papers, and other heat-sensitive 

substrates. 

 

5.2 Experimental 

5.2.1 Materials 

Cu (II) formate tetrahydrate (C2O4H2Cu·4H2O) and 2-ethylhexylamine were purchased 

form Wako Pure Chemical Industries, Ltd. Ag (I) β-ketocarboxylate (C5O3H7Ag) was provided 

by Toppan Forms Co., Ltd. and the synthesis can be found in chapter 4. PET substrate of 100 

μm thick was purchased from Toray Industries, Inc. 
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5.2.2 Preparation of Cu-Ag complex inks 

First, 0.50 g of Ag (I) β-ketocarboxylate was added into 0.57g 2-ethylhexylamine solvent 

followed by stirred for 2 min at room temperature to ensure the formation of the Ag complex 

(Figure 5.1a). Second, the 0.50 g of Cu (II) formate tetrahydrate was added into 0.57g 2-

ethylhexylamine solvent and they were stirred for 10 min at room temperature to ensure the 

formation of the Cu complex (Figure 5.1b). Finally, Cu-Ag complex inks were prepared by 

mixing the Ag complex and the Cu complex with various weight ratios with a hybrid mixer 

(HM-500) for 2 min (Figure 5.1c). The prepared Ag complex and Cu/Ag complex inks were 

stored in refrigerator to keep their stability and were used within 5 h. For ease of description, 

they were denoted as Cu, Cu-30Ag, Cu-46Ag, Cu-63Ag, and Ag inks, in which figures 

represent Ag content: 30 wt%, 46 wt%, and 63 wt%, respectively. 

 

 

Figure 5.1 Photos of (a) Cu complex, (b) Ag complex, and (c) Cu-46Ag complex. 

 

5.2.3 Screen-printing and simple annealing process 

Polyethylene terephthalate (PET) films and glass sheets were used as substrates. To 

remove the contamination on their surfaces, they were cleaned by an ultrasonic bath in ethanol 

for 15 min followed by sequential rinsing with distilled water for 1 min. Then complex inks 

were printed onto the substrates by screen-printing method. Finally, the printed inks were cured 

by a simple annealing process at 80 °C, 100 °C, 120 °C, and 140 °C in a N2 atmosphere to form 

metal patterns. The flow rate of N2 is about 3 L min-1. 
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5.2.4 Characterization methods 

The electrical resistivity of printed patterns was measured by four probe analyzer 

(LorestaGP T610, Mitsubishi Chemical Analytech Co. Ltd.). The microstructure of conductive 

patterns was observed by field-emission scanning electron microscopy (FE-SEM, Hitachi 

SU8020, Hitachi High Technologies America, Inc.) and transmission electron microscopy 

(TEM, JEM-ARM200F, JEOL Ltd.), together with energy dispersive spectroscopy (EDS). To 

get pattern fragments for making TEM samples, some part of the printed pattern was firstly 

peeled off from the glass substrate with an adhesive tape and then separated from the tape using 

acetone solvent. A focused ion beam (FIB, FB2100, Hitachi) was used to cut the cross-section 

samples with a diameter of 40 μm and standard current of 0.06-0.15 nA. To prevent the sample 

surface from being damaged by ion beam, they were coated with a platinum layer of about 25 

nm. Crystal structures of patterns were determined by X-ray diffractometer (XRD, Rigaku) 

using Cu Ka radiation. The thermal behaviors of complex inks were investigated by 

thermogravimetric analysis (TGA 2000SE, NETZSCH) and differential scanning calorimetry 

(DSC 204 F1, NETZSCH) at a heating rate of 10 °C min-1 in N2. Finally, the long-term 

durability of metal patterns was evaluated by exploring them at high temperatures of 80 °C, 

110 °C, and 140 °C in air and also at 85 °C with 85 % relative humidity (85 °C-85% RH). 

 

5.3 Conductivity, microstructure, and chemical composition of printed Cu-Ag hybrid 

patterns 

Electrical conductivity of printed patterns, especially after a low temperature annealing, is 

one of the most important factors to evaluate the conductive inks for the application to heat-

sensitive substrates; thus, the resistivity evolution of patterns was studied firstly. Figure 5.2a 

shows the relationship between resistivity and annealing temperatures. It can be seen that 

conductive patterns have been achieved from pure Ag ink and Cu-46Ag and Cu-63Ag inks even 

at a low annealing temperature of 80 °C. When the temperature increases to 100 °C, 

significantly lower resistivity values of the order of 10-5 Ω·cm are reached from all inks except 

pure Cu ink. The pure Cu ink needs a high annealing temperature of 140 °C to obtain the similar 

resistivity. It is noteworthy that the Cu-46Ag ink gives the best conductivity at 100 °C and is 
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even superior to the pure Ag ink. Hence, the low temperature of 100 °C was selected to evaluate 

other parameters. Figure 5.2b shows the resistivity of patterns after annealing at 100 °C for 

different times. It is clear that the resistivity drastically decreases as the time increases, and 

patterns from Cu-46Ag always achieve the lowest resistivity. After 30 min, the resistivity of 

patterns prepared from all inks except pure Ag ink becomes constant with a small fluctuation. 

The further decrease for Ag pattern is related to the continuous sintering of Ag particles. 

Considering the expensive cost of pure Ag and high annealing temperature of pure Cu, the Cu-

Ag complex inks show obvious advantages for wide applications to heat-sensitive substrates at 

low temperatures below 100 °C. The Cu-46Ag ink is believed as the best one, which gives a 

very low resistivity of 2.80×10-5 Ω·cm at 100 °C for 30 min. Figure 5.2c shows the detailed 

resistivity evolution of patterns prepared from the Cu-46Ag ink. The resistivity is dependent on 

both annealing temperature and time. A high temperature of 140 °C enables patterns to have a 

low resistivity of 2.14×10-5 Ω·cm in a very short time such as 5 min, which can be realized at 

100 °C for 30 min (lower temperature and longer time). Hence, the Cu-Ag complex inks is 

highly free in practical applications for a variety of purposes. 

 

 

Figure 5.2 (a) Electrical resistivity of patterns annealed at different temperatures for 30 min, 

(b) electrical resistivity of patterns annealed at 100 °C with different times, and (c) electrical 
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resistivity of patterns using Cu-46Ag complex ink. The dashed line in Figure 5.2a indicates the 

resistivity of bulk Ag. 

 

Table 5.1 compares the present work with those reported Cu-Ag patterns prepared from 

different Cu-Ag inks. It can be seen that the particle-type Cu-Ag inks (even the size of them 

decreases to about 20 nm) normally need a high annealing temperature above 200 °C and are 

usually applied on heat-resistant substrates, such as polyethersulphone (PES), polyimide (PI), 

and glass substrates. Although rapid photonic sintering is a highly efficient method to fabricate 

conductive Cu-Ag patterns with a resistivity value of order of 10-6 Ω·cm resulted from the light 

absorption of metal particles and the plasma effect [20-22], it can only apply to heat-resistant 

PI and glass substrates. In contrast, our Cu-Ag complex inks show an excellent low temperature 

sinterability and can easily achieve a low resistivity of 2.80×10-5 Ω·cm and 6.40×10-5 Ω·cm on 

heat-sensitive PET substrates after annealing at only 100 °C and 80 °C respectively. The 

annealing temperatures are 100-120 °C lower than that of general Cu/Ag particle inks. 

Therefore, the present complex ink with a simple low temperature process is considered as a 

revolution of conductive inks, which greatly expands their application to heat-sensitive paper, 

textile, and other low cost substrates. 

 

Table 5.1 Literature survey of Cu-Ag patterns with respect to materials, heat treatment methods, 

substrates, and achieved resistivity. 

Type of ink Heat treatment Substrate Resistivity ( Ω·cm) Ref 

Cu particle/Ag particle 200 °C PES 2.36×10-5 [1] 

Cu particle/Ag particle Photonic sintering PI 4.06×10-6 [2] 

Cu/Ag core-shell particle 250 °C Glass 3.20×10-5 [3] 

Cu/Ag core-shell particle 250 °C Glass 2.42×10-5 [4] 

Ag/Cu bimetallic particle 350 °C Glass 1.37×10-5 [5] 

Cu particles/Ag salt Photonic sintering Glass 3.00×10-4 [21] 

Cu particles/Ag complex LTRSa) PI 3.40×10-6 [22] 

Cu-Ag complex 80 °C PET 6.40×10-5 
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Cu-Ag complex 100 °C PET 2.80×10-5 This 

study Cu-Ag complex 120 °C PET 2.32×10-5 

a)LTRS= Low-temperature precuring followed by rapid photonic sintering. 

 

The microstructure and chemical composition of patterns annealed at 100 °C for 30 min 

were studied to clarify their low resistivity property. Figure 5.3a shows the surface 

microstructure of pattern from pure Cu ink. As seen, there are many small particles with an 

average size of 55 nm. The corresponding X-ray diffraction (XRD) pattern in Figure 5.3f shows 

an obvious peak of Cu2O (111) (PDF#05-0667). Therefore, it can be concluded that these Cu 

particles resulted from decomposition of pure Cu complex at low temperature of 100 °C have 

been partly oxidized even under the N2 protection. Thus, they cannot be further sintered to form 

conductive pathways, resulting in a high resistivity (Figure 5.2a). The similar oxidation 

phenomenon has also been observed in previous researches [23, 24], which might be related to 

the decomposition process of Cu complex, including nucleation and growth process. When 

heated, Cu complex decomposes and fresh Cu nuclei form. These nuclei are very sensitive to 

oxygen even under N2 protection due to their small size and high surface energy [25]. At low 

temperature of 100 °C, the nucleation and the growth speed are slow, so these newly formed 

Cu nuclei are easily oxidized and cannot be further sintered to form conductive pattern. In 

contrast, a high temperature above 140 °C can provide sufficient energy for rapid 

decomposition of Cu complex. The formation and growth of Cu nuclei are fast so that oxidation 

can be suppressed (Figure 5.4a). Also, due to the high temperature, the efficient sintering 

between these fresh Cu particles can occur easily to form a dense structure (Figure 5.4b). 

Therefore, in order to form high conductive pure Cu patterns without oxidation, a high 

annealing temperature is necessary. Figure 5.3b shows the microstructure of pattern prepared 

from Cu-30Ag ink. Small particles are also observed but most of them have been sintered with 

each other to form conductive pattern (5.92×10-5 Ω·cm). Particularly, the corresponding XRD 

pattern in Figure 5.3f shows peaks of pure Cu (PDF#04-0836) and Ag (PDF#04-0783) without 

any peak of Cu oxides. It means that the oxidation of Cu is suppressed in Cu-30Ag complex 

ink even at low temperature of 100 °C. Figure 5.3c shows the microstructure of pattern 
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prepared from Cu-46Ag ink. There are no isolated particles because they have been sintered 

with each other to form strong conductive pathways. This result enables the pattern to have a 

lower resistivity (2.80×10-5 Ω·cm) than that prepared from Cu-30Ag ink. Also, the 

corresponding XRD pattern in Figure 5.3f shows only Cu and Ag peaks, further supporting the 

fact that the oxidation of Cu has been successfully suppressed in the decomposition and 

sintering process of Cu-Ag complex inks. Figure 5.3d shows the microstructure of pattern 

prepared from Cu-63Ag ink. It is a very dense structure but has some micro-cracks; as result, 

the resistivity is relatively high (1.03×10-4 Ω·cm). The formation of micro-cracks is likely 

because the mismatch between the densification of Cu-rich and Ag-rich parts in the Cu-63Ag 

pattern causes a stress beyond the threshold value of cracks formation [26]. Figure 5.3e shows 

the microstructure of pattern prepared from pure Ag ink. It is similar to that of Cu-46Ag 

complex ink except for some small particles, thus the achieved resistivity (5.40×10-5 Ω·cm) is 

higher than that from Cu-46Ag complex ink. On the other hand, the cross-sections of 

corresponding patterns were also observed, as shown in the insets of Figure 5.3a-e. It confirms 

that the patterns have a very uniform microstructure. The porosities of Cu-30Ag, Cu-46Ag, and 

Cu-63Ag are about 5.9 %, 5.6 %, and 8.1 % respectively which are consistent with their 

conductivity. Printed Cu-Ag patterns with lower porosity have higher conductivity. Based on 

the above results, three points are noteworthy: 1) the microstructure and resistivity of printed 

patterns highly rely on the chemical composition of complex ink; 2) the Cu-46Ag ink is the best 

composition to achieve a dense microstructure with the lowest resistivity of 2.80×10-5 Ω·cm at 

100 °C; 3) The oxidation of Cu is successfully suppressed in the decomposition and sintering 

process of Cu-Ag complex inks. 
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Figure 5.3 Microstructure of patterns prepared from (a) pure Cu, (b) Cu-30Ag, (c) Cu-46Ag, 

(d) Cu-63Ag, and (e) pure Ag complex inks; (f) corresponding XRD patterns. Insets in Figure 

5.3a-e are corresponding cross-sections of patterns, respectively, which were taken on an angle 

of 30°. The scale bar in insets is 200 nm. The annealing process is 100 °C for 30 min. 

 

 

Figure 5.4 (a) XRD patterns of Cu pattern annealed at different temperatures for 30 min and (b) 

microstructure of Cu pattern annealed at 140 °C for 30 min. 
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Figure 5.5a shows the typical transmission electron microscopy (TEM) image of the 

pattern prepared from Cu-46Ag ink annealed at 100 °C for 30 min. As seen, the pattern is an 

aggregate of small particles with an average size of 35 nm. The value is much smaller than that 

(55 nm) in the pure Cu pattern (Figurer 5.3a), which indicates that the nucleation in Cu-46Ag 

ink is much faster than that in pure Cu ink. Clearly, these particles are connected with each 

other to form strong and conductive pathways (Figure 5.5b). The detailed microstructures were 

further examined by high-resolution TEM (HR-TEM) method (Figure 5.5c). The lattice 

spacing of 2.09 Å corresponds to the Cu (111) plane and that of 2.36 Å is assigned to Ag (111), 

which means that these particles contain both Cu phase and Ag phase. Furthermore, scanning 

TEM (STEM) image and corresponding mapping images confirm the uniform distribution of 

Cu phase and Ag phase (Figure 5.5d-g). It is believed that Cu phase and Ag phase have been 

uniformly mixed in nano-size and connected with each other. In other words, Cu and Ag phase 

have been fused with each other to form a very uniform Cu-Ag hybrid structure. 

 

 

Figure 5.5 (a) TEM image of pattern prepared from Cu-46Ag ink, (b) magnified TEM image, 

and (c) corresponding HR-TEM image. (d) STEM image and corresponding mapping images 

of (e) Cu and Ag, (f) Cu, and (g) Ag element. 

 

5.4 Self-catalyzed characteristics in Cu-Ag complex inks 
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In order to explain why Cu-Ag complex inks can form conductive patterns with a dense 

structure and a low resistivity at such low temperatures, the thermal behaviors of these Cu, Ag 

and Cu-Ag inks were investigated. Figure 5.6a shows the differential scanning calorimetry 

(DSC) results of pure Cu ink and pure Ag ink. The decomposition of them is accompanied by 

a series of exothermic and endothermic processes. The gaseous products during the 

decomposition of these complexes have been studied by many researchers based on the mass 

spectrometry and Fourier transform infrared analyses, which suggests that the exothermic peak 

at 130 °C in Cu complex and at 140 °C in Ag complex conforms to the carboxyl dissociation 

from the Cu (II) formate and Ag (I) β-ketocarboxylate, respectively, while the endothermic 

peak at 152 °C in both represents the dissociation of amine [6, 23, 24]. Figure 5.6b shows the 

DSC results of Cu-Ag complex inks. It can be clearly seen that the decomposition temperature 

of amine decreases with the increase of weight ratio of Ag to Cu. The endothermic peak at 

175 °C in Cu-63Ag is likely attributed to the crystallization of Cu or Ag because there is no 

weight-loss in the range (Figure 5.6c). The thermogravimetric analysis (TG) results also 

confirm the decomposition process of Cu-Ag inks with a low temperature and rapid weight-

loss. And from the differential TG (DTG) results, Cu-Ag inks show a faster decomposition rate 

at lower temperatures than that of pure Cu and Ag inks (Figure 5.6d). These results imply that 

there is an obvious accelerated process during the decomposition of Cu-Ag complexes, which 

might be related to the catalyzed characteristic of metal nanoparticles mentioned above [17-19]. 
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Figure 5.6 (a) DSC results of pure Cu and Ag inks; (b) DSC, (c) TG, and (d) differential TG 

(DTG) results of all inks. 

 

To further understand the accelerated decomposition process of Cu-Ag complexes, the 

phase transition as a function of annealing time during the decomposition of complexes was 

investigated. Figure 5.7a shows the XRD patterns of pure Cu complex ink during the 

decomposition process. At the initial stage, all peaks correspond to Cu complex and by-products; 

there are no peaks of Cu and Cu oxide. After 5 min, peaks of Cu(111) and Cu(200) begin to 

appear in the pattern, which indicates the decomposition of Cu complex to Cu has occurred. 

When the time increase to 10 min, an obvious peak of Cu2O(111) appears and becomes stronger 

with the increase of time. It means that during the decomposition process, some Cu particles 

are gradually oxidized even in the N2 atmosphere. Figure 5.7b shows the XRD patterns of pure 

Ag complex ink. At the initial stage, there is only one peak of Ag2CO3(300) (PDF#31-1236). 

After 1 min, the peaks of Ag(111), Ag(200) and Ag(220) appear. With the increase of time, the 

relative intensity of Ag peaks becomes stronger and stronger while that of Ag2CO3(300) 

becomes weaker and weaker, but the Ag2CO3 (300) peak still exists when the time increases to 
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60 min. It means that the decomposition of the Ag complex is incomplete. Figure 5.7c shows 

the XRD results of Cu-46Ag complex ink. The peaks of Ag2CO3(300), Ag(111), Ag(200) and 

Ag(220) have been found at the initial stage, which strongly suggests the decomposition of Ag 

complex has occurred even at room temperature. After only 1 min, the peaks of Cu(111), and 

Cu (200) also appears, and that of Ag2CO3(300) disappears totally. With the increase of time, 

the relative intensity of Cu and Ag peaks increases, and until the end, no peaks of Cu oxides 

appear. These results strongly indicate that the Cu and Ag complexes are rapidly and completely 

decomposed within only 1 min in the mixed complex ink. The accelerated decomposition 

phenomenon is related to the catalytic activity of metal nanoparticles [27, 28]. When the Cu 

and Ag complexes are mixed, the Ag+ would easily react with HCOO- to form metal Ag even 

at room temperature [29]. A simple experiment was designed to confirm this deduction. Formic 

acid of 5 wt.% was added into the Ag complex ink and its XRD pattern was measured 

immediately, where obvious Ag peaks are found (Figure 5.8). However, no Ag peaks are found 

in Ag complex ink, even stored at ambient conditions for one month. These results suggest that 

the Cu complex can accelerate the formation of Ag phase even at room temperature. TEM 

results also give solid evidence (Figure 5.7d); many Ag nanoparticles with sizes ranging from 

2 nm to 20 nm (average size of 3.8 nm) are found in the Cu-46Ag complex ink at room 

temperature. These in-situ formed fresh Ag nanoparticles can catalyze the decomposition of Cu 

complex at 100 °C within only 1 min. The similar phenomenon was also reported by Magdassi 

et al., where pre-formed Ag nanoparticles with a size in the range of 4-15 nm could catalyze 

the synthesis of copper nanoparticles with decreasing reaction duration from 2 h to 10 min [19].  
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Figure 5.7 XRD patterns of (a) pure Cu, (b) pure Ag, and (c) Cu-46Ag complex inks; (d) TEM 

image and their HR-TEM image (inset) of in-situ formed Ag nanoparticles in Cu-46Ag complex 

ink. 

 

 

Figure 5.8 XRD patterns of Ag complex ink after storage in ambient conditions for one month 

and Ag complex ink with addition of 5 wt. % formate acid. 

 

Figure 5.9 summarizes the self-catalyzed decomposition and sintering of Cu-Ag complex 
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inks. When the two metal complexes are mixed, some Ag nanoparticles form immediately due 

to the reaction between Ag+ and HCOO- (from Cu formate). These in-situ formed fresh Ag 

nanoparticles will catalyze the decomposition of Cu complex below 100 °C. This is a self-

catalyzed decomposition process. During the annealing process, the Cu phase and Ag phase are 

continually formed from the decomposition of Cu-Ag complex. Ag phase is covered by newly 

formed Cu phase and then Cu phase is covered by the newly formed Ag phase again. In other 

words, the nucleation and growth of Cu and Ag are mutually dependent on each other to form 

a uniform Cu-Ag hybrid structures. This helps to avoid the oxidation of Cu and accelerate the 

sintering of Cu at low temperatures. Compared with the sintering of pure Cu and Ag complex 

inks, the sintering of Cu-Ag complex ink is accelerated to get a dense structure and a high 

conductivity of patterns at low temperatures for a short time. This is a self-catalyzed sintering 

process. Although the detailed mechanism is still unclear, it provides a valid strategy to achieve 

high conductive Cu-based patterns at low temperatures by selecting suitable catalysts. 

 

 

Figure 5.9 Schematic illustration of self-catalyzed decomposition and sintering of Cu-Ag 

complex inks. 

 

5.5 Oxidation resistance of printed Cu-Ag hybrid patterns 
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The long-term stability of patterns presents significant challenges for their practical 

applications in printed electronic devices [30, 31]. Especially, the oxidation of Cu-based 

patterns in air would induce the heavy degradation of their electrical conductivity [32]. The 

stability of present patterns in air at different temperatures and humidity is shown in Figure5.10 

with the change of relative resistance (R/R0, R0 is the original resistance of pattern and R is the 

resistance after oxidation) of patterns. The samples were prepared from two kinds of annealing 

process (100 °C for 30 min and 140 °C for 30min). For distinction, different labels with 

information of annealing temperature are used. For example, the label of Cu-46Ag-140 means 

the sample prepared from Cu-46Ag complex ink using an annealing temperature of 140 °C. 

Figure 5.10a shows the R/R0 evolution of patterns at 80 °C in air. The value of Cu patterns 

rapidly increases to 1.6 after 28 h, while those of Cu-Ag patterns remain stable or even have a 

little falling. The falling, especially in Cu-63Ag-100 patterns, is related to the further sintering 

of silver nanoparticles (Figure 5.11). As seen, the small particles have been sintered and grown 

to big particles, which is beneficial for the improvement of conductivity. After 64 h, R/R0 of 

Cu patterns increases to about 2.0 while those of Cu-Ag patterns still remain stable or have only 

a slight increase to less than 1.2. A high temperature of 110 °C accelerates the rise of R/R0 of 

printed patterns (Figure 5.10b). After 64 h, the R/R0 of Cu patterns rises to about 20.0 while 

those of Cu-Ag patterns have a slight increase to less than 2.0. A high temperature of 140 °C 

(the maximum tolerable temperature of current PET substrate) is very harsh for the Cu patterns, 

resulting in the total loss of conductive ability after 32 h (Figure 5.10c). In contrast, the Cu-Ag 

patterns always show high oxidation resistance; the R/R0 of all Cu-Ag patterns increases to less 

than 20 until 64 h (Figure 5.10c). Figure 5.10d shows the R/R0 change of patterns at 85 °C-

85% RH. The results are similar to that at 80 °C. The R/R0 of Cu patterns increases rapidly to 

3 after 64 h while those of Cu-Ag patterns have a slight increase to less than 1.3. The increase 

of R/R0 is related to the oxidation of Cu in printed patterns (Figure 5.12). The oxides such as 

CuO and Cu2O are semi-conductive, so they seriously degrade the electrical property of printed 

patterns [33]. Base on the above results, it is noteworthy that the high content of Ag in printed 

patterns enhances their oxidation resistance at high temperatures even in air. R/R0 of Cu-30Ag 

patterns increases to more than 10 after 64 h at 140 °C, while those of Cu-46Ag and Cu-63Ag 
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patterns show a slight increase to less than 2. This phenomenon is attributable to high oxidation 

resistance of Ag phase as well as the very uniform distribution of them in Cu-Ag patterns 

(Figure 5.3 and 5.5). Even though it is not a solid solution alloy structure, the Ag phase 

uniformly surrounding the Cu phase can effectively protect Cu phase form oxidation and 

therefore enhance the overall oxidation resistance of printed patterns [22]. In the present work, 

Cu-Ag patterns prepared from Cu-46Ag and Cu-63Ag inks show a similar oxidation-resistant 

trend in which the R/R0 is less than 2 even after 64 h at 140 °C. Therefore, 46 wt % Ag is 

enough for the prevention of Cu oxidation at temperature of 140 °C and below. In addition, it 

is noteworthy that except Cu-30Ag patterns, other two Cu-Ag patterns prepared from annealing 

temperatures of 140 and 100 °C show the similar oxidation-resistant trends. Therefore, it can 

be concluded that the Cu-Ag patterns could endure a high long-term stability at 140 °C, even 

after a low annealing temperature of 100 °C. The Cu-Ag patterns show a tempting prospect for 

the fabrication of highly reliable and cost-effective printed electronic devices on heat-sensitive 

substrates. 
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Figure 5.10 Changes in the relative resistance (R/R0) of patterns prepared from pure Cu, Cu-

30Ag, Cu-46Ag and Cu-63Ag complex inks in air at (a) 80 °C, (b) 110 °C, (c) 140 °C, and (d) 

85 °C-85 % RH. 

 

 

Figure 5.11 Microstructures of (a) original Cu-63Ag-100 pattern and (b) Cu-63Ag-100 pattern 

after aging at 80 for 2 h. 

 

 

Figure 5.12 XRD patterns of printed patterns after oxidation at 140 °C for 64 h. 

 

To demonstrate the long-term stability of Cu-Ag patterns in practical applications, the Cu 

pattern and Cu-46Ag pattern after oxidation at 140 °C in air were used as flexible conductive 

wires to light up a light-emitting diode (LED). With the increase of oxidation time, the Cu 

pattern causes the progressive dimming in the LED and fails to illuminate the LED after 180 

min (Figure 5.13a). In contrast, the LED illumination intensity using printed Cu-46Ag pattern 

as a conductive wire remains almost constant after 180 min, which strongly suggests that the 
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Cu-46Ag patterns have a high long-term stability at 140 °C in air (Figure 5.13b). In addition, 

a bending fatigue test was conducted to evaluate the mechanical stability of the printed patterns 

(Figure 5.14). The relative resistance of printed conductors keeps below 1.3 after 1000 bending 

cycles at the bending radius of 7 mm. The result indicates that printed Cu-Ag patterns also have 

a high mechanical stability. 

 

 

Figure 5.13 Photographs of the LED circuit with a 100 mm-long metal pattern prepared from 

(a) pure Cu and (b) Cu-46Ag complex inks on PET substrate after oxidation at 140 °C. 

 

 

Figure 5.14 Change of relative resistance of the Cu-46Ag pattern during bending test. The 

bending radius is 7 mm. Inset graph shows the real-time relative resistance during the last ten 

cycles of bending and releasing process. 
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5.6 Conclusion 

In this chapter, self-catalyzed C u-Ag complex inks have been successfully developed for 

low temperature fabrication of highly stable and conductive patterns on heat-sensitive 

substrates. The self-catalyzed characteristic can promote the rapid decomposition and efficient 

sintering of inks at such low temperatures of 100 °C and even 80 °C to form highly conductive 

patterns. The achieved resistivity of about 2.80×10-5 Ω·cm is even superior to that of pure Ag 

patterns at the same annealing conditions. The mechanism of low resistivity achievement at 

such low temperatures below 100 °C can be understood by two effects: 1) in-situ formed Ag 

nanoparticles in Cu-Ag complex inks can effectively catalyze the decomposition of Cu complex 

at lower temperatures; 2) the catalyzed decomposition process promotes the rapid nucleation 

and growth of Cu/Ag particles without any oxides at a low temperature below 100 °C, hence to 

accelerate their efficient sintering. Moreover, owing to the very uniform Cu-Ag hybrid structure, 

the printed Cu-Ag patterns show excellent stability at both high temperatures up to 140 °C (the 

maximum tolerable temperature of current PET substrate) and high humidity of 85 %. As a 

practical application example, printed patterns remain high conductivity after oxidation at 

140 °C in air, which can be used as conductive wires to light up a LED. 
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Chapter 6 

Summary 

In this dissertation, novel low-cost Cu inks and post-treatment methods are successfully 

developed for fabrication of highly conductive and reliable Cu patterns on various plastic 

substrates, enabling these abundant and cheap Cu inks to replace or partly replace the noble Ag 

and Au inks in the application of printable and flexible electronics. Three strategies are 

proposed to address the oxidation problem of Cu inks and improve the conductivity and 

reliability of printed Cu patterns, including using submicron Cu particles instead of Cu 

nanoparticles, utilizing intense pulsed light (IPL) sintering, and introducing anti-oxidation Ag 

element. 

In chapter 1, the emergence, development, and application of printed electronic is briefly 

described. The organic conductive polymers, metallic nanoparticle inks, and metallic complex 

inks have been reviewed with conducting mechanism, development, application, and technical 

limits. It is shown that metallic Ag inks exhibit the best performance; however, it cannot be 

satisfied with the need for low cost. Therefore, a purpose of developing low-cost Cu inks and 

three strategies for addressing the oxidation problem of Cu inks and improving the conductivity 

and reliability of printed Cu patterns are suggested. 

In chapter 2, the concept that using in-situ formed fresh Cu nanoparticles to help sintering 

the submicron Cu particles has been proved feasible by the developed submicron Cu particle/Cu 

complex inks. During the low temperature heat treatment of 140 °C, fresh Cu nanoparticles 

decomposed from Cu complex can attach to the submicron Cu particles and activate their 

surface, which contributes to the connection and neck-growth between these submicron Cu 

particles to achieve conductive pathways. The effects of the size of submicron Cu particles and 

the ratio of the amount of Cu complex to particles on the conductivity and morphology of 

sintered Cu patterns are clarified, and the functions of the heat treatment temperature and 

holding time are investigated. Printed Cu patterns with a low resistivity of 1.1×10-5 Ω·cm can 

be easily obtained through heat treatment at 140 °C for only 15 min when the size of Cu particle 

is about 700 mm and the ratio of Cuf-AMP complex and Cu particles is 3: 1. 

In chapter 3, IPL is utilized successfully to not only reinforce the sintering between 
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submicron Cu particle and in-situ formed Cu nanoparticles but also improve the adhesion 

between printed patterns and substrates, enabling the printed Cu patterns to have a high 

conductivity and high mechanical reliability. The best conductivity of printed Cu pattern is 

about 5.8×10-6 Ω·cm. The bending fatigue test indicates that the sintered Cu patterns have high 

mechanical/electrical reliability due to the robust sintered Cu microstructure and strong 

adhesion between Cu patterns and substrates. The oxidation resistance test indicates the printed 

Cu patterns from submicron Cu particles with Cu complex exhibit excellent oxidation 

resistance and are superior to those from Cu nanoparticles. The degeneration of electrical 

conductivity of printed Cu patterns at high temperatures is attributed to not only the rapid 

oxidation of Cu to Cu2O but also to the microstructure evolution, particularly the breaking of 

the necks joining adjacent particles. Their potential accessibility for flexible electronic device 

applications was demonstrated with a flexible and folding LED circuit and a flexible dipole 

antenna for wireless power transmission. It is believed that the use of big and low-cost Cu 

particles to create highly reliable and highly conductive Cu patterns by a suitable curing process 

would pave the way for ubiquitous smart, flexible and wearable devices. 

In chapter 4, in order to further improve the oxidation resistance of printed Cu patterns, 

printable and flexible Cu-Ag alloy patterns are successfully fabricated by using a newly 

developed Cu particle/Ag complex ink and a simple two-step sintering process. The Cu 

particle/Ag complex ink firstly transforms into a Cu-Ag nanoparticle core-shell structure under 

a low temperature of 140 °C in air and then further transforms into Cu-Ag alloy under IPL 

sintering which induces rapid diffusion between the Cu core and the Ag nanoparticle shell. It 

was revealed that the obtained Cu-Ag alloy pattern has a bulk-like microstructure and shows a 

very low resistivity of 3.4×10-6 Ω·cm (50% of the bulk conductivity of Cu). Most importantly, 

the printed flexible Cu-Ag alloy patterns have ultrahigh oxidation resistance that remains stable 

in air at 180 °C and 200 °C, showing great potential for practical use in the fabrication of highly 

reliable and cost-effective printed electronic devices. 

In chapter 5, self-catalyzed Cu-Ag complex inks have been successfully developed for 

low temperature fabrication of highly stable and conductive patterns on heat-sensitive 

substrates such as PET. The self-catalyzed characteristic can promote the rapid decomposition 
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and efficient sintering of inks at such low temperatures of 100 °C and even 80 °C to form highly 

conductive patterns. The achieved resistivity of about 2.80×10-5 Ω·cm is even superior to that 

of pure Ag patterns at the same annealing conditions. The mechanism of low resistivity 

achievement at such low temperatures below 100 °C can be understood by two effects: 1) in-

situ formed Ag nanoparticles in Cu-Ag complex inks can effectively catalyze the decomposition 

of Cu complex at lower temperatures; 2) the catalyzed decomposition process promotes the 

rapid nucleation and growth of Cu/Ag particles without any oxides at a low temperature below 

100 °C, hence to accelerate their efficient sintering. Moreover, owing to the very uniform Cu-

Ag hybrid structure, the printed Cu-Ag patterns show excellent stability at both high 

temperatures up to 140 °C (the maximum tolerable temperature of current PET substrate) and 

high humidity of 85 %. As a practical application example, printed patterns remain high 

conductivity after oxidation at 140 °C in air, which can be used as conductive wires to light up 

a LED.
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