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Abstract 

In the field of printed electronics technology, researchers have tried to print highly 

conductive electrodes with fine width and height in order to manufacture high performance 

devices. 

The purpose of this research is to print particle monolayer silver patterns which have 

better electrical conductivity than existing ones. The key idea of this experiment is to analyze 

silver inks with different sized particles. Let us consider a particle monolayer pattern printed with 

silver ink consisting of mono-sized particles. Inside of the pattern, there are some vacant spaces 

between the particles, which can lead to low electrical conductivity and discontinuity of the 

pattern. If smaller particles are put into the spaces in the silver ink of mono-sized particles, the 

pattern will have fewer vacant spaces, increasing electrical conductivity of the pattern. 

Computer simulation was developed in order to calculate monolayer packing density of 

three different sized particles and each distribution ratio of the particles in a plain. There were 

some variables to be considered in the computer simulation, and they were optimized. Various 

packing density results with different particle size ratio were obtained from the computer 

simulation. 

To verify the computer simulation results, three different kinds of silver inks were 

fabricated according to the computer simulation results, and then printed to see the particle 

monolayer packing density of the pattern and to measure the electrical resistivity. The printed 

pattern by using the silver ink which contains three different sized particles has higher packing 

density and less electrical resistivity compare to the other silver inks which contain two different 

sized particles and mono sized particles, respectively. 
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Chapter 1 

Introduction 

 

1.1  Research Purpose 

In the printed electronics research, one of the major issues is to make a printed electrode 

which has high electrical conductivity. The factors that affect electrical conductivity of the 

printed electrode are metal contents, impurities, and treatments of conductive ink. Most 

researches used conductive inks with mono-sized particles [1-3]. When a particle monolayer 

pattern is printed with mono-sized particles, there will be some vacancy in the pattern. This 

research focused on increasing the packing density in the printed monolayer pattern by filling the 

gaps with smaller particles based on the computer simulation results. 
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1.2  Research Background on Printed Electronics 

1.2.1  Advantages of Printed Electronics. 

When thinking about the electronics industry, people may think of some kind of 

computer processor or memory consisting of semiconductor chips and electronic circuits on 

silicon substrates. However, a new technology is arising, which is called printed electronics; it 

has recently entered the electronics market and has been growing in the past decade. A silicon 

substrate is not essential in this technology because of the low temperature treatment; therefore, 

this new technology can fabricate electronic devices on the various substrates using simple 

printing process. 

Printed electronics refers to electronic devices or modules made by printing technology. 

Products are “printed” on plastic, paper, or other substrates using conductive inks. This 

technology has no limits in selecting substrates; therefore, it is possible to produce novel 

products such as flexible devices and wearable devices. Since a conductive ink is directly printed 

on the substrate, printing process does not require complex steps like photolithography process. 

Figure 1.1 shows comparison between standard photolithography and printed electronics process 

for making electric circuits. The photolithography process consists of complex steps: spreading 

materials, coating, masking, and etching. On the other hand, the printed electronics process 

consists of just printing and treatment. These simple steps reduce not only energy and cost in 

processing, but also waste materials and their treatment. Printed electronics technology has been 

widely researched for the commercialization, and for now this technology can over low-tech 

devices like printed antennas or solar cells [4, 5]. 
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Figure 1.1 Comparison of Photolithography and Printed Electronics Processes [6]. 



 

4 

1.2.2 Printing Methods. 

Printed electronics technology can be classified according to printing equipment and 

materials technology. There were various printing technology methods in the initial stage of this 

research; however, researches are focusing on inkjet and roll-to-roll methods. Each printing 

method has both advantages and disadvantages. The major requirements for printing process are 

resolution, printing speed, and generality of printing materials. Specifications of each printing 

system are listed in Table 1.1. 

Inkjet printing. 

Inkjet printing processes form patterns just general printers print letters on paper. A fine 

droplet is injected through the nozzle and attached on the substrate. After the solvent is dried, 

solid components are fixed. The droplet diameter is around 10 to 90 picometers. The major 

parameter to determine the pattern resolution is the droplet size and wettability. This process 

easily can change the pattern design compared to other processes. However, inkjet printing has a 

slow printing speed. And it can only inject low viscous material like water. Also, more than a ten 

micron sized pattern resolution is an obstacle to apply to high-end devices with fine pattern. 

Roll-to-roll printing. 

Roll-to-roll printing is a process that forms a pattern continuously with a rotating rolled substrate. 

A concaved or convexed-blanket takes the ink then transfers the ink to the substrate. There are 

various kinds of roll-to-roll processes like: gravure, gravure offset, and reverse offset. Because 

the pattern is formed by a face-to-face process, major parameters of this process are pressure 

between roll and substrate, affination among roll-ink-substrate, printing speed, and temperature. 
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Table 1.1. Printing Systems and Their Features [7, 8]. 

Printing Technology 
Thickness 

(μm) 
Resolution (μm) Viscosity (cP) 

Throughput 

(m2/min) 
Resistration (μm) 

Inkjet Printing [7] <0.5 20~50 1~30 0.01~0.5 5~20 

Gravure Printing [7] 0.8~10 75 50~200 60 >10 

Gravure Offset 

Printing [7] 
0.5~3 10~50 40,000~100,000 5~30 >10 

Flexo Printing [7] 0.8~2.5 80 50~500 10 <200 

Reverse Offset 

Printing [7] 
0.1~1 >3  2~3  

Microdispensing [8]  >50 1~1,000,000 0.01~0.5  

 

The printing speed in this process is faster than inkjet printing, and some methods can 

print at a high resolution pattern (Table 1.1). However, this process does not print high viscous 

material (~200,000cPs). 

Microdispensing. 

The microdispensing method dispenses ink from a nozzle by air pressure, oil pressure, or 

a screw. It can dispense high viscous materials as far as a million centipoises. This printing 

method resembles drawing; therefore, it can easily make three-dimensional shapes with high 

viscous materials. Also, it can control injection quantity as far as 10 to 90 picoliters. However, 

the more viscous material the more pressure is required. Therefore, there is a limitation of pattern 

size up to 50μm [7]. Compared with roll-to-roll processes, it has a bad printing speed [8]. 
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1.2.3  Materials for Printed Electronics. 

Printed electronics technology began the after development of nanotechnology because 

of the physical properties of nano materials [9-10]. One of the important physical properties is 

the change of the melting point. As the gold particle size decreases the melting point decreases in 

a steady manner. Then, when it reaches a critical value approximately 5nm, the melting point 

decreases sharply. (Figure 1.2) [11]. Nano materials facilitate low temperature processes; 

therefore, it is possible to make organic-based electronic devices instead of traditional silicon-

based devices. Also, organic based materials have flexible properties; therefore, it can be applied 

to the smart device market for flexible, foldable, and wearable devices. 

 

 

Figure 1.2. Experimental and Theoretical Values of the Melting-point Temperature of Gold 

Particles [11]. 
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Material selection for printed electronics. 

For the development of high-end devices using printed electronics technology, high 

electrical conductivity electrode printing is most important. The most conductive metals are gold, 

silver, and copper which can be made into nanoinks. Gold is the most stable metal among them, 

so it is safe to avoid oxidation (Table 1.2) [12]. It can be synthesized until few nanometers, and it 

can be synthesized to any required shape. However, gold is expensive, so it is not appropriate for 

use. For copper, when the particle size is smaller, oxidation stability will decrease. Therefore, 

copper nanoparticles are hard to apply to nanoinks because it tends to oxidize into copper oxide. 

The electrical conductivity of silver is best among the metals. Although its oxidation stability is 

less than gold, it is stable in its standard state. Also, it is fifty times cheaper than gold, so it is 

used the most in printed electronics materials. 

Nanoink packing. 

As noted above, to make high electrical conductivity printed electronics devices, not 

only is it important to use high electrical conductive materials, but the printing process is also 

important. Figure 1.3 shows a future roadmap of printed electronics technology [6]. For 

producing printed solar cells, displays, memories, and computer CPUs by printed electronics 

technology, it is essential to fabricate high conductive electrodes. 

The major factors that effect nanoinks’ conductivity are particle shape [13], size [14], 

purity [15], contact resistance [16], and packing density [17-21]. If the nanoparticles’ packing 

density is not enough in the nanoink, it is quite probable that the nanoparticles in the electrode 

after printing will not contact each other. This causes low electrical conductivity and even no 

conductivity. Therefore, it is important to increase particle density in nanoinks. 
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Nanoinks for the printed electronics research usually contain mono-sized nanoparticles 

[1-3]. Assuming a particle monolayer printed pattern, the theoretical packing density of a cross-

sectional area is 78.5%. If smaller sized particles are added into the pattern and fill the space, it is 

expected to have better electrical conductivity. Amert (2010) did the experiment that produced 

silver electrodes using two different sized particles getting better electrical conductivity [17]. He 

developed a computer simulation for monolayer particle packing. The result was only a 45% 

packing factor using mono-sized particles, and 66% when adding five times smaller particles. 

Electrical conductivity was 18.5% of the bulk conductivity when using mono-sized particles and 

47% when using different sized particles. However, 30% of space still remains in the area; 

therefore, if smaller sized particles are added, more electrical conductivity can be expected. 

 

 

 

Table 1.2 Gibbs Standard Free Energy for Copper, Gold, and Silver Oxides and Partial 

Pressure of Oxygen Required to Stop Oxidation at 25℃ [12]. 

Metal Oxides ∆𝑮𝟎𝒇,𝟐𝟓, 𝒄𝒂𝒍/𝒎𝒐𝒍 𝑷𝑶𝟐 , 𝒂𝒕𝒎 

CuO -30,400 2.60× 10−45 

AuO2 48,000 1.58× 1035 

Ag2O 2,600 6.51× 103 
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Figure 1.3 Technology Road Map of Printed Electronics [6]. 
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Chapter 2 

Computer Simulation for Nanoparticles Packing in Particle Monolayer 

2.1  Introduction 

Several studies have been performed in order to measure the exact amount of vacant 

space available for particle packing [22-23]. Amert (2010) developed a computer simulation to 

calculate a Two Dimensional Packing Factor (2D-PF): covered area by circle/total area of 

domain, % [17]. This is achieved by packing the ink’s nanoparticles (NPs) in a computer 

simulation. Amert’s (2010) study suggests that the highest 2D-PF is calculated when the diameter 

of the particles is at maximum one-tenth of the side of the domain. Therefore, using two different 

sized particles to calculate the 2D-PF was adequate. When the size ratio of the two particles is 

six, a 66% 2D-PF is obtained [17].  

A simulation space can generate at most 2.5x109 particles, but a single computation 

experiment takes vast amounts time to calculate. The desktop computer (10 Million of Floating 

Point Operations Per Second (MFLOPS): 107 times per second) used in the simulation program 

cannot compute large amounts of data easily, and as the particle’s radius decreases, it becomes 

more difficult for the computer to give an accurate 2D-PF value. The desktop computer can take 

up to more than a week to generate particles and analyze the data [24]. To reduce the simulation 

time, this current study used a supercomputer to process a large amount of data. Moreover, a 

third particle was added in the packing process expecting to increase the electrical conductivity. 

The purpose of this study is to increase the conductivity of printed electrode. To do this, a tertiary 

packing was attempted with a simulation program using a supercomputer. 
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2.2  Simulation Program Development 

The Supercomputer SUN Blade 6048 (Figure 2.1) is the property of the KISTI (Korea 

Institute of Science and Technology Information). The supercomputer was coded with a different 

operation system from the desktop computer simulator to perform the current study. 

 

Figure 2.1. Sun Blade 6048. 

 

Table 2.1. Specifications of SUN Blade 6048 Super Computer. 

Classification Content 

Model SUN Blade 6048 

Blade node 188 (Computing) 24TFlops(Rpeak) 

CPU AMD Opteron 2.0GHz 16(Node) 3,008(the whole) 

Memory 32GB(Node) 

Storage 207TB(Disk) 422TB(Type) 

Network between node Infiniband 4X DDR 
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Figure 2.2. Skeleton of Computing System of the Supercomputer Simulator. 

Figure 2.2 shows a rough computing system of the simulator. By using n-CPUs, the 

supercomputer will code programs in the simulation and will process large amounts of data faster 

than the desktop computer. The program was designed using C-language and Message Passing 

Interface. 

From the metallurgical point of view, spherical particles have a low surface energy. Most 

metal powder is used in spherical shape because it is thermodynamically favorable. The main 

purpose of this research is to manufacture metal conductive ink and apply computational concept 

to general applications. Therefore, the particle shape was assumed to be spherical. 

The supercomputer simulator uses a process in which it selects particles randomly in the 

domain while considering the properties of real particles in the media. The system will work by 

having a CPU 0 arranging the received data and giving orders to the other CPUs. The rest n-1 

CPUs will control each n-1 divided virtual space. The maximum number of CPU in this 

experiment is 11 including CUP 0. In this case, each space is divided 500 by 50 (unit less), and 

stored in a linked list method. This allows for a parallel processing of the divided space (not a 

linear process), which is faster at producing data. 
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Figure 2.3. Algorithm of Supercomputers Simulating System. 

Figure 2.3 illustrates the algorithm of the simulators’ computing system. The simulation 

process starts by setting the simulating domain 500 by 500 (unit less). Subsequently, CPU 0 will 

transmit the radius of the biggest size particle and order the other n-CPUs to generate particles 

while taking into consideration the nanoparticle’s physical properties.  

Each CPU generates particles using an input Repeating Count (RC) value. These values 

start at 0. When an existing particle overlaps a new particle is generated, the new particle is 

removed, and the RC value adds 1. When the RC value reaches a designated number, the CPUs 

stops generating particles, then a new process starts and the RC value is initialized.  Once the 

particle generates by input RC value, the CPUs will carry out the next process. First, each CPU 

generates particles and transmits the coordinates of the particles in the boundary of the domain to 

the main CPU (CPU 0). When the particles generate in the boundary, they may overlap with each 

other on that boundary. As a result, CPU 0 distributes to each CPU the particles in the boundary 
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from the other CPUs, this is to prevent the overlapping of coordinates.  For example, if some 

particles overlapped between CPU 2 and CPU 3, CPU 0 will receive the data from both CPUs 

and will distribute the data of CPU 2 to CPU 3, and data from CPU 3 to CPU 2. Each CPU will 

check whether there are overlapping particles, if they do not overlap they will transmit the data 

with its domain to CPU 0. When CPU 0 acquires the data, it distributes data to the rest of the 

CPUs, and they store the data. After finishing all processes, all the CPUs transmit the final data 

of generated particles to CPU 0, where it will add all received data.  Subsequently, the whole 

process is performed again in an empty place in the domain where particles have not generated 

and shows the result. To verify the data generated by the supercomputer, we performed a 

computation experiment under the same conditions used for Amert’s (2010) data [17]. 
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2.3  Procedures 

2.3.1  Verifying The Program Used for a Supercomputer. 

To see whether the data from the program used for a supercomputer has the same results 

and tendency with the data from the desktop computer, a binary packing simulation was 

conducted using the supercomputer. The large diameter of a particle was 25 and the small ones 

were 12.5, 8.3, 5, 2.5, and 1.7. The Repeating Count was set at 1,000 and two CPUs were used. 

The results are shown in Figure 5, and the reliability of the program for the supercomputer was 

verified. 

2.3.2  Setting The Repeating Count. 

As we increase the Repeating Counts, the more frequently the simulator finds void space, 

thus obtaining a higher Packing Factor. Since room for the simulation is limited, setting an 

overly high Repeating Count will cause longer times of operations. In this computation 

experiment, we used equal diameter particles, six CPUs, and established Repeating Counts at 

100, 1,000, 5,000, 7,500 and 10,000. 

2.3.3  Setting The Number of CPU’s. 

The task of the CPUs is to divide each space and to perform parallel operations to 

analyze the data acquired. As we increase the amount of CPUs used, we can accelerate the 

operation process. By having each CPU execute the operations in their domain, we can apply the 

input Repeat Count separately, achieving a higher Packing Factor with smaller deviation.  

However, if a particle’s diameter is larger than the width of the divided domain as in Figure 4, 

the number of overlapping particles will increase and operations will become more complex.   



 

16 

 

Figure 2.4. Comparison of the Number of Overlapping Particles on Boundary according to 

the Number of Divided Space. 

Figure 2.4 demonstrates an increase in the number of overlapping particles in the 

boundary with respect to the number of divided space. When dividing the space into four, 10 

particles overlap on the boundary; if divided into eight, 25 particles overlap. As a result, the 

space width of each CPU control must be larger than the particles diameter. The large particle on 

this computation experiment is a size 50. Therefore, the number of CPUs must be less than 

eleven including the main CPU. 
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2.3.4  Setting Tertiary Packing Simulation. 

In an earlier study, Amert (2010) obtained a 66% Packing Factor using binary packing 

[17]. Unfortunately, some voids still existed. On the other hand, when using tertiary packing 

simulation we achieve a higher Packing Factor by setting the ratio of the particles around 10. 

This is due to the possibility of additional packing of smaller particles in the remaining voids. 

When using tertiary packing simulation, the large particle diameter was 25. The intermediate 

particle diameters were 12.5, 10.0, 7.5, 5.0, and 2.5 (between 1/2~1/10 of 25) and the small 

diameters were 1.25, 1.00, 0.75, 0.50, and 0.25. By setting the Repeat Count to 1,000, using 11 

CPUs and repeating each simulation 10 times, we can calculate the mean and the standard 

deviation of the particles. 
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2.4 Results and Discussion 

2.4.1  Supercomputer vs. Desktop Computer Data Acquisition Comparison. 

Figure 2.5 displays the results of the comparison of the simulation data of the 

supercomputer and the desktop computer under identical particle creation conditions. The data is 

the average of each operation performed ten times resulting in an identical tendency between 

both sets of data. The data demonstrates an increase in the supercomputer simulations Packing 

Factor resulting in a 5% deviation from the desktop computer. With this, the simulation results of 

the supercomputer are reliable. 

 

 

Figure 2.5. Comparison of Supercomputer and Desktop Data (Repeating Count: 

1000, number of CPU: desktop 1, super computer 2). 
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2.4.2  Setting The Repeating Count. 

As the Repeating Count increases, the probability of finding void space to fill decreases, 

allowing for a higher Packing Factor. Figure 2.6 shows the Packing Factor with respect to the 

Repeating Count. When the Repeating Count is greater than 5,000, all the Packing Factors are 

identical within a 0.6% deviation, meaning there is no more space for particles to be packed. If 

Repeating Counts are 100 and 10,000 the packing factor will increase as the size of the particles 

becomes smaller. However, since the vacant voids are filled with smaller particles the finding of 

more void space becomes more difficult, thus making a higher Repeating Count necessary to 

pack smaller sized particles. 

 

 

Figure 2.6. Changes in Packing Factor according to the Repeating Count (use 6 CPU). 
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2.4.3  Simulation according to the number of CPU. 

As mentioned before, when using more CPUs to conduct the simulation the faster the 

operation time and the more accurate the results are for Packing Factor. This is due to applying a 

Repeat Count at each domain. Figure 2.7 illustrates the Packing Factor according to different 

combinations of CPUs, such as 2, 3, 6, and 11 CPUs not considering the main CPU 0. The CPUs 

that generate particles in the domain are CPUs 1, 2, 5, and 10. Table 2.2 shows the average time 

spent for the ten operations. 

 

Figure 2.7. Packing Factor according to the Number of CPU’s. 

 

Table 2.2. Average of Operating Times (sec, 10 times). 

Number of CPU / r1/r2 1 2 3 5 10 15 

2 9 7 6 7 11 16 

3 8 5 5 6 6 9 

6 6 3 2 3 3 4 

11 4 3 2 2 2 3 
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2.4.4  Tertiary packing simulation. 

Depending on the Repeating Count setting and the number of CPUs, we can obtain 

various Packing Factors allowing for two randomly set values to be the desired results. Table 2.3 

shows the result of all the packing simulations at each condition. The first three columns show 

the three particle sizes, the next three columns show the number of packing particles and their 

deviation in virtual space, and the last two columns show the Packing Factor and standard 

deviation for each simulated condition. Through this database, we can determine the sizes of the 

particles by using a quantitative experiment to obtain a volumetric ratio between the desired 

particles. 

 

 

Figure 2.8. Simulation of Tertiary Packing. 
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The tertiary packing for high Packing Factor is simulated, and Figure 2.8 displays the 

results of the simulation in a three-dimensional graph drawn using the MATLAB program.  

When it comes to timing, we expected a long operational time when using particle sizes 25, 2.5, 

and 0.25, but surprisingly it timed out at 22 seconds, which was far shorter when compared to the 

desktop computer times. Next, when looking at our Packing Factors, we see that with particle 

sizes 25, 2.5, and 0.25 we obtain a high Packing Factor of 93.44%. When using 25, 2.5, and 1.25, 

we get the lowest Packing Factor measured to be 87%. All other Packing Factors were higher 

than 80%. From the data in Table 3, we see a tendency that as the Packing Factor increases the 

size ratio between adjacent particles (r1 between r2, and r2 between r3) increases.  

One of the advantages of tertiary packing over binary packing is that more void space 

can be filled. There exists about 16% of void space at the highest packing result, which might be 

possible to fill with smaller particles if we can achieve a higher Packing Factor. However, this is 

difficult to apply to real printed electronics since the particle sizes are extremely small. For 

example, when making 30um pattern using nanoink, the size of the particles are 3um, 300nm, 

and 30nm. Therefore, it is not possible in practice to add smaller particles into the remaining 

void space, thus making quaternary particle packing futile. 
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Table 2.3. All Packing Simulation Results at Each Condition. 

      Particle size   Number of particles(S.D.)   % 

R.C. CPU 
 

r1 r2 r3 
 

r1 r2 r3 
 

P.F. S.D. 

5000 11 
 

25 2.5 0.25 
 

60  (5.64) 3977  (209.98) 196566  (7985.32) 
 

93.44  2.45  

5000 11 
 

25 5 0.25 
 

58 (4.55) 960 (47.67) 216427 (5931.58) 
 

92.33 2.03 

5000 11 
 

25 7.5 0.25 
 

59 (4.97) 399 (28.00) 228469 (7053.63) 
 

92.65 2.03 

5000 11 
 

25 10 0.25 
 

55 (3.53) 225 (11.33) 246862 (6908.88) 
 

91.06 1.66 

5000 11 
 

25 12.5 0.25 
 

59 (5.40) 121 (16.71) 268546 (5813.72) 
 

91.36 1.39 

5000 11 
 

25 2.5 0.5 
 

58  (2.66) 4033  (139.09) 44130  (1031.44) 
 

90.89  1.90  

5000 11 
 

25 5 0.5 
 

54  (4.61) 1002  (52.83) 52501  (1687.83) 
 

90.25  1.71  

5000 11 
 

25 7.5 0.5 
 

60  (3.69) 402  (18.74) 55666  (1328.02) 
 

92.65  1.84  

5000 11 
 

25 10 0.5 
 

57  (3.54) 224  (17.93) 59190  (966.92) 
 

91.49  1.68  

5000 11 
 

25 12.5 0.5 
 

58  (3.74) 122  (9.20) 65897  (2416.38) 
 

90.01  1.53  

5000 11 
 

25 2.5 0.75 
 

57  (4.76) 4044  (267.93) 17624  (920.76) 
 

88.94  1.43  

5000 11 
 

25 5 0.75 
 

62  (3.97) 929  (44.09) 21251  (797.87) 
 

92.87  1.45  

5000 11 
 

25 7.5 0.75 
 

60  (2.56) 388  (14.72) 23857  (590.21) 
 

91.28  1.47  

5000 11 
 

25 10 0.75 
 

57  (4.70) 222  (20.85) 25694  (674.92) 
 

90.73  1.24  

5000 11 
 

25 12.5 0.75 
 

58  (5.23) 122  (11.26) 28537  (923.89) 
 

89.81  2.44  

5000 11 
 

25 2.5 1 
 

58  (3.08) 4072  (158.73) 8735  (264.17) 
 

88.63  1.60  

5000 11 
 

25 5 1 
 

57  (5.50) 983  (52.65) 11762  (553.54) 
 

90.69  2.33  

5000 11 
 

25 7.5 1 
 

56  (5.12) 420  (31.81) 13299  (392.36) 
 

90.11  1.64  

5000 11 
 

25 10 1 
 

59  (4.96) 218  (13.03) 13920  (516.35) 
 

91.31  2.26  

5000 11 
 

25 12.5 1 
 

59  (3.53) 120  (9.34) 15695  (352.04) 
 

89.66  1.58  

5000 11 
 

25 2.5 1.25 
 

60  (3.37) 3947  (174.74) 4462  (206.20) 
 

87.00  1.48  

5000 11 
 

25 5 1.25 
 

57  (6.55) 987  (72.58) 7175  (321.26) 
 

89.97  2.38  

5000 11 
 

25 7.5 1.25 
 

54  (5.43) 426  (40.92) 8369  (231.07) 
 

88.80  1.26  

5000 11 
 

25 10 1.25 
 

59  (4.30) 217  (11.38) 8763  (259.80) 
 

90.48  1.86  

5000 11   25 12.5 1.25   57  (4.68) 121  (7.67) 10038  (262.03)   88.29  2.08  

7500 6 
 

25 1.7 - 
 

62  (3.35) 7093  (349.23) 
   

74.34  1.50  

7500 6 
 

25 2.5 - 
 

63  (2.88) 3122  (144.95) 
   

74.28  1.22  

7500 6 
 

25 5 - 
 

63  (2.17) 728  (35.12) 
   

72.61  1.06  

7500 6 
 

25 8.3 - 
 

64  (2.80) 231  (15.67) 
   

69.81  1.31  

7500 6 
 

25 12.5 - 
 

63  (3.49) 85  (10.49) 
   

66.27  0.85  

7500 6 
 

25 - - 
 

65  (3.67) - - 
   

50.95  2.88  

10000 6 
 

25 1.7 - 
 

62  (3.24) 7154  (359.92) 
   

74.25  1.31  

10000 6 
 

25 2.5 - 
 

62  (2.50) 3173  (111.34) 
   

73.89  1.30  



 

24 

10000 6 
 

25 5 - 
 

64  (3.37) 725  (42.83) 
   

72.77  1.51  

10000 6 
 

25 8.3 - 
 

62  (2.25) 238  (10.52) 
   

69.44  1.08  

10000 6 
 

25 12.5 - 
 

61  (2.50) 89  (6.93) 
   

65.57  1.46  

10000 6   25 - -   65  (3.82) - -       51.18  3.00  

5000 2 
 

25 1.7 - 
 

63  (2.36) 6331  (343.85) 
   

72.44  0.67  

5000 2 
 

25 2.5 - 
 

63  (1.52) 2871  (80.82) 
   

71.91  0.68  

5000 2 
 

25 5 - 
 

61  (1.97) 683  (25.69) 
   

69.25  0.80  

5000 2 
 

25 8.3 - 
 

62  (2.63) 207  (18.48) 
   

66.32  0.67  

5000 2 
 

25 12.5 - 
 

63  (2.53) 66  (5.77) 
   

62.51  1.38  

5000 2 
 

25 - - 
 

64  (1.64) - - 
   

50.00  1.28  

5000 3 
 

25 1.7 - 
 

62  (2.42) 6734  (236.91) 
   

72.72  1.11  

5000 3 
 

25 2.5 - 
 

63  (1.90) 3012  (96.77) 
   

72.79  0.89  

5000 3 
 

25 5 - 
 

64  (2.60) 660  (37.04) 
   

71.05  0.98  

5000 3 
 

25 8.3 - 
 

63  (2.67) 214  (15.53) 
   

67.72  1.20  

5000 3 
 

25 12.5 - 
 

62  (2.33) 75  (8.80) 
   

63.51  0.66  

5000 3 
 

25 - - 
 

63  (2.18) - - 
   

49.32  1.72  

5000 6 
 

25 1.7 - 
 

65  (4.59) 7013  (381.95) 
   

76.32  2.51  

5000 6 
 

25 2.5 - 
 

61  (3.41) 3305  (113.39) 
   

74.14  1.92  

5000 6 
 

25 5 - 
 

62  (3.09) 775  (29.96) 
   

72.78  1.58  

5000 6 
 

25 8.3 - 
 

64  (3.02) 241  (14.37) 
   

71.12  1.68  

5000 6 
 

25 12.5 - 
 

62  (3.41) 93  (11.07) 
   

66.43  1.61  

5000 6 
 

25 - - 
 

66  (2.82) - - 
   

51.24  1.89  

5000 11 
 

25 1.7 - 
 

56  (4.52) 8853  (417.82) 
   

76.33  2.09  

5000 11 
 

25 2.5 - 
 

56  (3.96) 4088  (202.48) 
   

75.97  1.82  

5000 11 
 

25 5 - 
 

59  (5.74) 958  (70.81) 
   

76.15  2.41  

5000 11 
 

25 8.3 - 
 

59  (4.80) 324  (18.09) 
   

74.47  2.44  

5000 11 
 

25 12.5 - 
 

59  (4.73) 121  (12.49) 
   

69.92  2.03  

5000 11   25 - -   69  (3.61) - -       53.62  3.65  
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Chapter 3 

Application of Simulation Results for Actual Practice 

3.1  Introduction 

In order to verify the results of computer simulation, three different sized particles were 

synthesized. Then inks were fabricated by using the aforementioned particles. Afterwards, the 

electrodes were printed by a modified screen printing method. Lastly, the electrical resistivity of 

each of the electrodes was measured after the sintering process. 

3.2  Preparations for Silver Inks 

3.2.1.  Synthesis of Silver Particles. 

Silver nitrate (AgNO3, Chem-impex int’l Inc.), ascorbic acid (C6H8O6, Chem-impex int’l 

Inc.), and ammonium solution (NH4OH, Fisher chemical) were used to synthesize two different 

sized silver particles. For the smaller particles, 0.68g of silver nitrate was dissolved in 90ml of 

distilled water. Then 10ml of ammonium solution was added into the silver nitrate solution. 

Subsequently, 1.76g of ascorbic acid dissolved with 100ml of water was added into the silver 

nitrate solution. The reaction time is approximately ten minutes. Finally, the particles were 

cleaned with ethanol followed by a drying process inside a vacuum chamber. The intermediate 

sized particles were synthesized using the same conditions. However, ammonium solution was 

not added into the silver nitrate solution in this procedure.  

The synthesized silver particles were characterized using scanning electron microscopy. 

The particle size distribution was calculated manually from the SEM micrographs. 
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3.2.2. Synthesis of Cu-Ag Core-shell Particles 

Cu-Ag core-shell particles are copper particles coated with silver. These particles were 

synthesized using the electro-less plating method. This method is driven by the difference of 

electric magnetic forces (EMF) between copper and silver. Table 3.1 shows the difference 

between the EMF values of silver and copper. In order for this reaction to happen the EMF value 

of the core metal must be lower than the shell material. When a silver ion is placed with a copper 

metal particle, the silver ion will take an electron from the copper metal, converting the silver ion 

into silver metal. Concurrently, the copper metal ionizes. At the end of the reaction, reduced 

silver metal will completely cover the surface of the copper particle. Figure 3.1 shows a 

schematic representation of the synthesizing process for the Cu-Ag core-shell. 

 

Table 3.1.EMF Value of silver and copper [12]. 

Metal/ion EMF (volts SHE) 

Ag/Ag+ 0.799 

Cu/Cu++ 0.337 

 

 

 

Figure 3.1. Schematic Process for Cu-Ag core-shell. 
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For synthesis of the Cu-Ag core-shell particle, copper powder with an average particle 

size of 30µm was used as the core material. Hydrazine monohydrate (H4N2∙H2O, Alfa Aesar) was 

used to pretreat copper powder. This helps get rid of copper oxide which might have existed on 

the surface of the copper particle. Silver nitrate and ammonium solution were used for electro-

less plating. 

After the pretreatment step, 1.5g of copper powder was put into 100ml of deionized 

water, then hydrazine ([Cu]/[H4N2]=2) was added into the solution to make it react for 10 

minutes. The reduced copper powder was cleaned with ethanol at the end of the reaction. Next, 

0.4g of silver nitrate was dissolved in 98ml of deionized water, and then 2ml of ammonium 

solution was added into the solution. Lastly, 0.38g of reduced copper powder was added into the 

solution and reacted for 5 minutes. Again, the Cu-Ag core-shell was rinsed with ethanol. 

3.2.3.  Fabrication of Silver Electrode. 

In order to fabricate the silver inks, polyvinyl alcohol (PVA, Sigma-aldrich) and ethylene 

glycol (C2H6O2, Fisher Scientific) were mixed with a ratio of 1:20 at 45℃ for 20 minutes. The 

mixed solution will then turn into a gel-like substance during cool down. 

Three different kinds of silver inks were produced followed by the computer simulations. 

The first ink contained only bigger particles with the binder. The second ink contained both the 

bigger and the intermediate sized particles. Finally, the third ink contained all three of the 

particles made (the bigger, the intermediate, and the smaller sized particles). 

Each ink was used to fabricate electrodes using the modified screen printing method. A 

scotch-type mask which had cut out 25mm by 1mm area was attached on the slide glass. The ink 
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was squeezed on one side of the mask using a razor. Figure 3.2 shows a schematic process of 

modified screen printing method used in this research. The mask was removed after the printing 

process. Printed electrodes were sintered at 500˚C for 2 hours. The surfaces of the sintered 

electrodes were observed by SEM, and their electrical resistivities were measured by resistivity 

meter (MCP-T610, Mitsubishi chemical cooperation). 

 

 

 

Figure 3.2. Schematic process of modified screen printing method. 
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3.3.  Results and Discussion. 

3.3.1.  Synthesis of Silver Particles. 

The morphology of the smaller silver particles can be observed in the SEM micrograph 

provided in figure 3.3. Consequently, their size distribution can be seen in figure 3.4. The 

particles have a spherical shape with an average particle size of 390nm. The morphology of the 

intermediate sized silver particles can be observed in the SEM micrograph provided in figure 3.5 

and their size distribution can be seen in figure 3.6. They also have a spherical shape with an 

average particle size of 1.74µm. Therefore, it can be concluded that by adding ammonium 

solution to the silver nitrate solution, the particle size can be decreased. The two chemical 

reactions expressed below correspond to the synthesis of the smaller silver particles and 

intermediate sized particles. During synthesis of the smaller silver particles, ammonium 

hydroxide produces silver ions then finishes by forming a silver compound. When ascorbic acid 

was added, the silver compound reduces to silver metal. For the synthesis of the intermediate 

sized particles, the silver ion reacts with ascorbic acid directly which leads to an increase in 

particle size.  

 For small size silver particles: 

𝐴𝑔𝑁𝑂3 + 2𝑁𝐻4𝑂𝐻 → 𝐴𝑔(𝑁𝐻3)2
+
+𝑁𝑂3

− + 2𝐻2𝑂 

2𝐴𝑔(𝑁𝐻3)2
+
+ 𝐶6𝐻8𝑂6 → 2𝐴𝑔0 + 𝐶6𝐻6𝑂6 + 2𝐻+ 

 For middle size silver particles: 

2𝐴𝑔+ + 2𝑁𝑂3
− + 𝐶6𝐻8𝑂6 → 2𝐴𝑔0 + 2𝑁𝑂3

− + 𝐶6𝐻6𝑂6 + 2𝐻+ 
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Figure 3.3. SEM Image of Smaller Silver Particles (Average diameter: 390nm). 

 

Figure 3.4. Particle Size Distribution of Smaller Silver Particles. 
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Figure 3.5. SEM Image of Intermediate Sized Silver Particles (Average diameter: 1.74µm). 

 

Figure 3.6. Particle Size Distribution of Intermediate Sized Silver Particles. 
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3.3.2.  Synthesis of Cu-Ag Core-shell Particles 

 Cu-Ag core-shell particles were synthesized using the electro-less plating method. 

Figure 3.1 shows the theoretical process of such method. However, the silver seeds do not attach 

easily on the surface of copper particles. Figure 3.7 shows the reaction between the copper 

particles and silver nitrate (0.38g of copper powder and 0.4g of silver nitrate in 100ml distilled 

water for 5minutes). It was found through experimental work that the ammonium solution helps 

to attach the silver seed on the copper particle surface. The silver nitrate concentration is also 

critical since the silver needs to cover the surface of the copper particle entirely. Figure 3.8 and 

3.9 show the effect of different silver nitrate concentration (0.1g and 0.4g respectively) in 98ml 

of deionized water with 2ml of ammonium solution for the Cu-Ag core-shell particles. The 

reaction time was 5 minutes. The brighter portion on the particles corresponds to silver and the 

darker portion on the particle is copper. In figure 3.8, silver does not cover the surface of the 

copper particle completely. On the other hand, in figure 3.9, the silver covers the copper particle 

entirely. From these two experimental procedures, it was clear that 0.4g of silver nitrate was the 

optimal condition to prepare consistent Cu-Ag core-shell particles. The morphology of the 

intermediate sized silver particles can be observed in the SEM micrograph provided in figure 

3.10 and their size distribution can be seen in figure 3.11. They also have a spherical shape with 

an average particle size of 28.92µm. 
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Figure 3.7. SEM Image after Reaction of Copper Particles and Silver Nitrate (Spherical 

particles: Copper, Flakes: Silver). 
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Figure 3.8. SEM Image of Cu-Ag Core-shell Particles (0.1g of Silver Nitrate). 

 

Figure 3.9. SEM Image of Cu-Ag Core-shell Particles (0.4g of Silver Nitrate). 
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Figure 3.10. SEM Image of Large Cu-Ag Core-shell Particles (Average diameter: 28.92µm). 

 

Figure 3.11. Particle Size Distribution of Large Cu-Ag Core-shell Particles. 

3.3.3. Fabrication of Silver Electrode. 
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 Three different sized particles (bigger to smaller) were synthesized with an average 

diameter of 28.92µm, 1.74µm, and 390nm, respectively. According to table 2.3, their size ratio is 

approximately 25:2.5:0.5. The target portion of the computer simulation results are seen below: 

 

  
Particle size   Number of particles(S.D.)   

 
r1 r2 r3 

 
r1 r2 r3 

 

 
25 2.5 0.5 

 
58  (2.66) 4033  (139.09) 44130  (1031.44) 

 
 

According to the simulation results, three different types of silver inks were made. The 

first ink contained only bigger particles with the binder. The second ink contained both the 

bigger and the intermediate sized particles. Finally, the third ink contained all three of the 

particles made (the bigger, the intermediate, and the smaller sized particles). The metal content 

of the inks are listed in the table 3.2 using the formula shown below. 

𝟒

𝟑
𝝅𝒓𝟑 × 𝒏 × 𝒅 

r: particle size (25, 7.5, and 0.5) 

n: number of particles (60, 402, and 55666) 

d: silver density 

 

 

Table 3.2. The Composition of Three Different Kinds of Silver Ink. 

 
Particles size   

large middle small Binder Metal contents 

First ink 1g - - 0.34g 74.6wt% 

Second ink 1g 0.08g - 0.34g 76wt% 

Third ink 1g 0.08g 0.006g 0.34g 76.2wt% 

  



 

37 

 After fabricating the silver electrodes using the modified screen printing method with the 

three silver inks, the electrodes were sintered at 500˚C for 2 hours. Figures 3.12-17 show the 

surface of the silver electrode before the sintering process and after the sintering process. The 

printed pattern came out as particle monolayer. When the smaller particles were added into the 

ink, they filled the voids between the larger particles. After sintering, particles were necked to 

each other resulting in fewer voids. The actual packing densities of the printed electrode were 

measured directly from the SEM micrographs.  

 Electrical resistivities, actual packing density, and the theoretical packing density of the 

printed silver electrodes are shown in table 3.3 and figure 3.18. Electrical resistivity was 

decreased when introducing the smaller particles. Theoretical packing density from the computer 

simulation results were 46%, 77%, and 91%, respectively. The actual packing densities from the 

printed electrodes were 87.6%, 94.8%, and 98.8%, respectively. However, the resistivity results 

are still compatible according to the theoretical packing density. Even though the packing density 

of the actual printed electrodes surface did not match exactly with the computer simulation 

results, we can see a tendency of increase in similar proportion between them. Using three 

different sized particles in the ink is also useful for the production of printed electrodes. For 

example: during the fabrication of the 40µm thick silver electrode, using 1µm sized particles, it 

was not possible to make the ink with an excess of 60wt% metal contents. Comparing surface 

area in 1g of silver powder between 1µm and 40µm, the surface difference is more than 4 billion 

times, so using different sized particles is essential to make higher metal content silver ink. 
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Figure 3.12. Surface of Silver Electrode Using The First Ink before Sintering. 

 

Figure 3.13. Surface of Silver Electrode Using The First Ink after Sintering. 
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Figure 3.14. Surface of Silver Electrode Using The Second Ink before Sintering. 

 

Figure 3.15. Surface of Silver Electrode Using The Second Ink after Sintering. 
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Figure 3.16. Surface of Silver Electrode Made by The Third Ink before Sintering. 

 

Figure 3.17. Surface of Silver Electrode Made by The Third Ink after Sintering. 

 



 

41 

Table 3.3. Electrical Resistivities and packing densities of Printed Electrodes. 

Silver ink 
Metal contents 

(wt%) 

Theoretical packing 

density (%) 

Actual packing 

density (%) 

Electrical 

resistivity(Ω·cm) 

First ink 74.6 46 87.6 8.71*10-2 

Second ink 76 77 94.8 4.40*10-2 

Third ink 76.2 91 98.8 2.96*10-2 

 

 

 

Figure 3.18. Tendency of Electrical Resistivity According to the Packing Density. 
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Chapter 4 

Conclusion 

In this study, a simulation program was used with a supercomputer to shorten operation 

time and result accuracy when calculating packing density of tertiary particles. Thanks to this 

operation time reduction, complex operations with high Repeating Counts were possible 

allowing for a higher Packing Factor and a decrease in void space. Additionally, by integrating 

more CPUs into the simulation, we can obtain a more efficient operation. By obtaining various 

results using different simulating conditions, we allow a more quantitative experiment to be 

possible on different viscosity nanoinks. Additionally, we can expect a more broad application of 

this experimental method in the future. For example, the particle sizes can vary according to the 

properties of matter when producing a mixture containing several particles. 

In order to prove computer simulation results, two different sized silver particles and Cu-

Ag core-shell particles were synthesized by wet method and electro-less plating. Three different 

kinds of silver inks were fabricated, printed, and sintered. The electrical resistivity was decreased 

when the theoretical and actual packing density were increased. 

The packing density of the actual printed electrodes surface did not matched exactly 

with computer simulation results, however, there were tendency of increase in similar proportion 

between actual packing density theoretical packing density. 
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