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Abstract: Copper paste is considered as a promising candidate for printed electronics in 

replacement for silver paste. This is owing to copper which has anti-electromigration 

property, lower cost, and similar conductivity and compared with silver. We synthesize a 

copper nanoparticle (NP) paste that can be sintered at low temperature for high 

conductivity. The copper NP paste composes of 50 wt% copper NPs and dipropylene 

glycol (DPG) as the disperse medium. The effect of DPG coating and various conditions 

of milling with small beads on improving the dispersity of copper NPs has been 

investigated. The optimum conditions for milling are at 1000 and 2000 rpm for 30 min. 

This results in a volume resistivity of 6.62 × 10-6 Ω·cm after sintering the copper NP paste 

at 200 °C. 
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1. Introduction 

Printed electronics has received increasing attention in the past decades owing to the 

simplicity and low energy consumption compared with the traditional manufacturing 

processes such as etching and photolithography [1-3]. Conductive patterns, layers or films 

can be fabricated by painting conductive paste or ink directly on desired substrates using 

printed electronic technology followed by sintering [4]. Examples include fabrication of 

integrated circuits [5], metallization for solar cells [6], and radio frequency identification 

tags [7] among others. Materials such as molten metals [8], conductive polymer [9], 

nanoparticle suspensions [10], carbon-based materials [11,12] and organometallic 

compounds [6,13] have been reported as conductive fillers in the conductive pastes. 

Among these, silver-based pastes occupy a vast portion in the conductive paste market 

for its high conductivity (1.6 × 10-6 Ω·cm) and resistance to oxidation in the air [14]. 

However, the high price and low electromigration resistance [15] of silver inhibit its large-

scale application. 

Copper is considered as a promising alternative for conductive component. This 

is because copper has low cost, similar conductivity to silver (1.7 × 10-6 Ω·cm), and an 

anti-electromigration property [16-21]. However, copper is susceptible to oxidation, 

resulting in the formation of copper oxide, which adversely affects the conductivity. 



 4 / 21 

 

Generally, the conductive patterns are fabricated by printing the conductive pastes on 

blanket substrates using printed electronic technology and sintering [19]. A high sintering 

temperature is required for the sintering process since the melting temperature of copper 

is 1084 °C [21]. However, most flexible substrates are thermal sensitive that cannot 

withstand such a high temperature [22]. Hence, a copper paste which can be sintered at 

low temperature is desired. One approach to solve this issue is decreasing the size of 

copper particles to nano-scale to suppress the melting point, in particular surface melting, 

for lowering the sintering temperature. This can open the door for the use of copper paste 

on various substrates [23,24].  

Herein, copper nanoparticles (NPs) capped by hexanoic acid were synthesized 

by liquid chemical reduction method using hydrazine monohydrate as the reductant. 

Dipropylene glycol (DPG) was used as the disperse medium for the preparation of the 

copper paste. Agglomerated NPs can lower the conductivity of the sintered copper paste 

[25]. Therefore, in this study, the effect of the pre-addition of very small amounts of DPG, 

e.g., 5% by weight of copper, on the bead-milled redispersion of copper NPs and the 

optimal conditions of the bead mill to obtain a uniform copper NP paste were investigated. 

Finally, the copper paste was printed on alumina plate and sintered at 200 °C under a 

hydrogen/nitrogen (3/97, v/v) gas mixture flow. Necking among copper NPs after 
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sintering was examined using scanning electron microscope. The high conductivity of the 

sintered copper paste demonstrated its potential application for printed electronics. 

 

2. Experimental Section 

2.1 Preparation of Copper Paste 

CuO micropowders (Nisshin Chemco, average particle size:1 μm) were used as copper 

source in this study. Dipropylene glycol (Wako, Japan), hydrazine monohydrate 

(N2H4∙H2O) (Wako), hexanoic acid (Junsei, Japan), acetone (Kanto, Japan), methanol 

(Wako) and ethanol were used as received without any purification. Deionized (DI) water 

was prepared using ELGA/Organo Purelabo system (> 18 MΩ). 

Firstly, copper nanoparticles were synthesized by chemical reduction method 

using hydrazine as the reducing reagent, which is similar to the previous process. [26] 

With the obtained nanoparticles, copper paste was prepared with dipropylene glycol as 

the disperse medium. 79.5g (1 mol) of CuO micropowder was dispersed in 1 L of ethanol 

with a stirring speed of 250 rpm. Hexanoic acid (60 mmol, 7.5 mL) as the stabilizer was 

added to the dispersion. After that, the dispersion was heated up to 70 °C by water bath. 

Hydrazine (2.0 mol, 97 mL) acting as reducing agent was then added to the dispersion. 

The dispersion was kept at 70 C for 1h. The reaction was terminated by cooling the 
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mixture to room temperature. Prepared copper nanoparticles were then collected by 

centrifugation (400 G) and washed by acetone twice and methanol twice. Small amount 

(5 wt%) of dipropylene glycol (DPG) was added to the collected copper nanoparticles. 

Then, the particles were dried under nitrogen atmosphere at room temperature overnight. 

The dried copper powder was ground for 30 min using a mortar and crushed for 5 min 

using a mixing blender in order to reduce agglomeration of the particles according to the 

results from previous study as described. [27] Then, the paste of copper nanoparticles (50 

wt%) in DPG was prepared using a hybrid mixer (4 min × 3). The obtained copper paste 

was milled with a bead-mill with zirconia beads (30 μm) with designated conditions. For 

comparison, a paste of copper fine nanoparticles (50 wt%) was also prepared without pre-

addition of DPG. After the preparation, metal mesh filter (1 μm) was applied in order to 

eliminate big agglomerates. 

 

2.2 Printing of the Copper Pastes and Sintering 

The obtained copper pastes were printed on an alumina substrate using a doctor blade 

with a thickness of 40 μm. The blade was moved from one side of the plate to the other 

to form a smooth film on the alumina substrate under ambient conditions. Sintering was 

carried out in a tube furnace. 
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2.3.Characterizations 

The particle sizes were determined using a field emission scanning electron microscope 

(FE-SEM; JEOL JSM-6701F) and transmission electron microscope (TEM; JEM-

2000FX, 200 kV). The morphologies of surfaces and cross-sections the copper layers 

before and after sintering were observed also using FE-SEM. The crystalline structures 

of the samples were analysed by X-ray diffractometer (XRD; Rigaku Miniflex II) at 2θ 

from 20° to 80°. 

Thermogravimetric/differential thermal analysis (TG/DTA; Shimadzu DTA-

60H) was carried out to evaluate thermal decomposition behaviour of the prepared copper 

paste. The sample was subjected to a flow rate of 100 mL∙min-1 3%H2/N2 gas or N2 gas 

at a temperature ranging from 20 °C to 500 °C with a heating rate of 5 °C min-1. 

Resistance of the sintered copper layers were carried out by a four-point-probe 

measurement with a Loresta-GP (Mitsubishi Chemical). Moreover, the thickness of the 

copper layer was determined by examination of its cross-sectional SEM images. 

 

3. Results and Discussions 

3.1. Particle size and crystal structure of the prepared copper NPs 
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The mean size of copper NPs was obtained by measuring 200 NPs in the SEM and TEM 

image (Figure 1(a)). The average diameter of copper NPs is 82 ± 18 nm from SEM and 

74 ± 28 nm from TEM image. The difference is caused by the fact that small copper NPs 

were found more readily in the TEM image compared with those in the SEM image. It is 

probably due to the difference of the resolutions and the coating of organic layer which 

can be clearly observed only in the SEM image. Figure 2 shows the XRD pattern of the 

synthesized metallic copper sample. All peaks are in good agreement with the simulated 

Cu reference pattern. There are possibly some very weak and broad signal from Cu2O 

around 2θ = 36 °, that indicates that the particle surface is slightly oxidized. 

 

3.2. Effect of pre-addition of DPG before milling 

A set of comparative experiments was conducted to study the effect of pre-addition of the 

solvent of the copper paste, that is, DPG. Figure 3 shows the SEM images of copper NPs 

with and without pre-addition of DPG. Both samples were ground for 30 min by a mortar 

and crushed for 5 min using a mixing blender then made into copper paste before SEM 

observation. It is observed that the number of the agglomerations of particles considerably 

decreased as DPG was pre-added before crushing. The size of the agglomerates of copper 

NPs decreased from about 10 μm to 2 μm when DPG was pre-added. This demonstrates 
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that pre-addition of DPG to copper NPs before dispersing played important role in 

dispersing copper NPs. The hexanoic acid-stabilized copper nanoparticles are 

hydrophobic due to the hexanoic acid layer with the alkyl chain outside on the particle 

surface. Therefore, the pre-coating with DPG just after the preparation could improve the 

dispensability of these hydrophobic nanoparticles into the same medium. 

 

Fig. 1. (a) SEM and (b) TEM images of the obtained copper nanoparticles. (b, d) the size 

distributions obtained from TEM and SEM images, respectively. 

 

Fig. 2. X-ray diffraction pattern of the obtained copper nanoparticles. The reference 

patterns are Cu64O, Cu2O and metallic Cu. 
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Fig. 3. SEM images of the printed copper samples (a) without and (b) with pre-addition 

of DPG. 

 

The copper paste after mixing copper NPs and DPG was milled with small beads at 1000, 

2000, 2500 rpm continuously under nitrogen atmosphere for 30 min. Figure 4 shows the 

SEM images of the samples after milling. Many loose agglomerations were observed after 

milling at 1000 rpm for 30 min. Large fused particles (arrows in Figures 4e and 4f) 

appeared after continuously milled at 1000, 2000, and 2500 rpm. Figures 4c and 4d show 

that copper NPs were dispersed independently. Therefore, we have selected that the 

milling at 1000 and 2000 rpm (30 min each) was the optimum conditions for milling with 

the zirconia beads. 
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Fig. 4. SEM images of the copper paste milled at (a, b) 1000 rpm, (c, d) 1000 + 2000 rpm, 

(e, f) 1000 + 2000 + 2500 rpm continuously. Each milling time was 30 min. Arrows in (e) 

and (f) indicates the fused particles. Pre-addition of DPG was applied for the copper NPs. 

 

We have also prepared a copper paste with copper NPs without DPG-pre-

addition. Unfortunately, the obtained paste could not pass the metal mesh filter (1 mm) 
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according to the large agglomerates as observed in Figure 3(a). X-ray diffraction patterns 

of the obtained pastes of copper NPs with and without pre-addition of DPG are collected 

in Fig. 5. The XRD patterns of the copper pastes obtained from copper NPs with and 

without DPG pre-addition are almost identical. 

 

 

Fig. 5.  X-ray diffraction patterns of (a) as prepared copper NP powder, (b) the copper 

paste of the copper NPs with pre-addition of DPG, and (c) the copper paste of the copper 

NPs without pre-addition of DPG. 

 

 The oxide content of the copper nanoparticles obtained by crystalline phase 

analysis with the RIR method from the x-ray diffraction patterns in Figures 5b and 5c is 
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summarized in Table 1. From these results, we can conclude that pre-addition of DPG do 

not affect the oxidation of copper NPs during the preparation of copper pastes. 

 

Table 1. Crystalline phase analysis by x-ray diffraction patternsa of copper NPs in the 

copper pastes prepared with and without pre-addition of DPG by using reference intensity 

ratio (RIR) method 

Sample Cu64O Cu2O Cu 

Copper NPs without pre-addition of DPG 0.9 4.1 94.9 

Copper NPs with pre-addition of DPG 0.8 4.9 94.3 

aDiffraction patterns used for the analyses are shown in Fig. 5. 

 

3.3. Thermogravimetory-differential thermal analyses (TG-DTA) of the obtained copper 

nanoparticles 

In order to determine sintering temperature, TG-DTA was carried out for the copper paste 

under H2/N2 (3/97 v/v) gas mixture flow and the result is shown in Figure 5. The mass 

loss found in the temperature range of 100 – 180 °C can be attributed to the evaporation 

of DPG. No obvious weight loss or increase can be observed in the higher temperature 

range. The obtained DTA curve also revealed one endothermic peak in the same range, 



 14 / 21 

 

which also suggested the evaporation of DPG. Judging from this result, we decided to 

sinter our particles at 200 °C. The small exothermic peak found around 235 °C is 

corresponding to the reduction of copper oxide to copper. The peak found in the TG-DTA 

curve of this sample observed under nitrogen gas flow (Fig. 6(b)) was considerably 

smaller than the peak found in Fig. 6(a) which was taken under reductive 3 % hydrogen-

nitrogen gas flow. 

 

Fig. 6. TG-DTA curves of the copper paste (~ 25 mg) in DPG. The measurement was 

carried out under (a) 3%H2-N2 gas flow and (b) N2 gas flow. 

 

3.4. Sintering of the obtained copper paste on an alumina substrate 

The printed layers of the copper NPs were sintered at 200 °C in the tube furnace for 1 h 

under H2/N2 (3/97, v/v) gas mixture flow. Figure 6 shows the surface and cross-sectional 

SEM images of the copper layer after sintering. The flat surface of the printed layers as 
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shown in Fig. 7(b) indicates great dispersity of the copper NPs in the paste. Large 

neckings and particle networks can be clearly observed in the magnified image (Fig. 7(c)) 

which suggests a high conductivity of this copper layer. Compact copper nanoparticles 

layers and tight connections among copper nanoparticles observed contributed to the high 

conductivity of the copper layer. The thickness of the obtained copper layer measured 

using cross-sectional SEM image (Fig. 7(a)) was 2.72 ± 0.49 μm. By a four-point probe 

measurement, the surface resistivity of the layer was 0.02435 Ω□ and the resistivity could 

be calculated as 6.62 × 10-6 Ω·cm, which is about 4 times of the bulk copper (1.68 × 10-6 

Ω·cm). 

 

Fig. 7.  SEM images of (a) Cross-sectional and (b, c) surface of the copper layer sintered 

at 200 °C. 

 

Conclusion 
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In summary, a copper NP paste comprising copper NPs (50 wt%) and dipropylene glycol 

(DPG) was prepared in this study for low-temperature sintering. The size of agglomerates 

of copper NPs decreased with pre-addition of DPG. Further, size agglomerations were 

eliminated by milling with small zirconia beads at the optimum rotation rate of 1000 and 

2000 rpm for 30 min each for preparing the copper paste. The resistivity of the copper 

paste sintered at 200 °C was 6.62 × 10-6 Ω·cm. DPG pre-addition did not affect the 

oxidation state of copper NPs. This study demonstrates an effective method based on pre-

addition of DPG and beads milling to eliminate agglomerates of hexanoic acid-coated 

copper nanoparticles for production of copper paste which can be sintered for a high 

conductivity. 
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