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Abstract: In this study, we present a facile method for preparing oxidation-resistant Cu nanoparti-
cles through a liquid-phase reduction with imidazole compounds (imidazole, 2-methylimidazole,
2-phenylimidazole, and benzimidazole) that serve as protective and dispersing agents. Through a
complexation reaction between Cu atoms, the imidazole compounds can form a protective film on the
Cu nanoparticles to prevent the particles from rapidly oxidizing. We compared the effects of the four
kinds of imidazole compounds on the oxidation resistance and sintering properties of Cu particles.
The Cu particles prepared with benzimidazole could be stored in the air for 30 days without being
oxidized. After sintering at 300 °C and 2 MPa, the joint of the particles could reach a shear strength
of 32 MPa, which meets the requirements for microelectronic packaging.

Keywords: Cu nanoparticles; imidazole compounds; sintering properties; oxidation resistance;
complexing effect

1. Introduction

With excellent electrical and sintering properties, Cu nanoparticles are regarded as a
promising material in the fields of microelectronic packaging and interconnects [1,2]. Due
to the high surface energy and size effect of nanoparticles [3,4], Cu nanoparticles can be
sintered at low temperatures and operated at high temperatures. These characteristics
render them potential interconnect materials for power electronics in extreme working
conditions [5,6]. However, Cu nanoparticles are easily oxidized in the air [7]. Cupric oxides
have a higher melting point and resistivity than pure Cu, which hinders the formation of
sintering necks between Cu particles, resulting in poor sintering properties and low conduc-
tivity [8-10]. The method of fabricating Cu nanoparticles with strong oxidation resistance
has become a crucial question for their application in electronics manufacturing [11-13].

At present, various coating methods have been proposed to improve the oxidation
resistance of Cu nanoparticles [14]. The coating methods can be divided into organic and
inorganic coatings. The materials for organic coating treatments use organic protective
agents to form a thin film on the particles during the synthetic process [15]. For exam-
ple, Thi et al. used PVP as the protective agent, cupric sulfate as the precursor, ascorbic
acid as the antioxidant, and sodium borohydride as the reducing agent to synthesize Cu
nanoparticles with a diameter of 10 nm [16]. The as-prepared Cu nanoparticle colloid
remained stable in an organic solution for 2 months. Li et al. used PVP as the protective
agent, copper sulfate pentahydrate as the precursor, and hydrazine hydrate as the reducing
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agent to prepare Cu nanoparticles with a diameter of 200 nm in an aqueous solution [17].
The as-prepared Cu nanoparticles could be stored stably for 2 weeks at room temperature.
Wei et al. used lauric acid as the protective agent, copper chloride as the precursor, and
NaBH#4 as the reducing agent to prepare Cu nanoparticles with a diameter of 3.3 & 0.7 nm
in an aqueous solution [18]. The as-prepared Cu nanoparticles could be stored stably for
2 days at room temperature.

Inorganic coating treatments use inorganic elements, such as silver [19,20], phospho-
rus [21], and tin [13], to form a compact protective film on the Cu particles. For example,
in a study by Dai et al., cupric formate was heated to 170 °C in an oleylamine solution
and was decomposed to form Cu nanoparticles [22]. Then, silver nitrate was added to the
solution and reacted with the Cu nanoparticles to form Ag-coated Cu nanoparticles. The
as-prepared particles could be stored in the air for 2 weeks without being oxidized. In a
study by Yang et al., Ag-coated Cu nanoparticles were obtained by adding Cu nanoparticles
into a solution with silver nitrate, ammonia, and a complexing agent [19,20]. The obtained
particles were almost free of oxidation after exposure to the air for 48 days.

However, the above methods also have their disadvantages. The preservation time
of organic-coated Cu nanoparticles in the air is still limited (usually less than 2 weeks),
and the residues of many organic agents are difficult to remove and are not conducive to
sintering [23]. The inorganic coating method faces the problems of a loose and uneven
coating, a complicated process, and a high cost. For these reasons, new methods are
required to provide Cu nanoparticles with good oxidation resistance while not limiting
their sintering ability [24].

In the literature or industrial requirements, the sintering temperature and pressure for
Cu nanoparticles usually fall in the range of 250~300 °C and 1~20 MPa, respectively [25].
Some studies also used sintering conditions similar to those in this paper. For example,
Dai et al. [26] reported a shear strength of 30 MPa for Cu-Cu joints under the sintering
conditions of 300 °C and 5 MPa pressure. Chen et al. [27] reported a robust bonding
strength of 56.7 MPa for SiC chips on Cu pads after sintering at 300 °C and 2 MPa. Susumu
Arai et al. [28] reported a shear strength of 34 MPa for Cu-Cu joints after sintering at 300 °C
and 10 MPa. However, the performance of the Cu nanoparticles after long-term storage
was not provided, which is an important issue for their industrial applications.

It is notable that organic solderability preservatives (OSPs) are widely used in the
antioxidation treatment of printed circuit boards (PCBs). Imidazole compounds are the
main film-forming materials in OSPs. Through complexation reactions with metallic Cu,
the imidazole compounds can form a compact organic coordination polymer film on the
bare copper surface, which can protect the bare copper surface from being oxidized or
corroded [29-33]. Although the OSP treatment has been widely used and proven to be
effective on the copper circuits of PCBs, the effect of an imidazole compound coating on
copper nanoparticles is rarely explored. Therefore, in this study, we developed a facile
synthetic method for fabricating imidazole-compound-coated Cu nanoparticles. As a small
molecular organic compound, imidazoles can be decomposed at a relatively low tempera-
ture and can react with rosin in the sintering flux of Cu paste without producing organic
residues. When using this method, the imidazole-coated Cu nanoparticles possessed good
oxidation resistance and sintering properties, with a size below 500 nm.

2. Materials and Methods

PVP K30 (average molecular weight = 40,000), copper acetate (C4HgCuO4-Hy0O),
ascorbic acid, anhydrous ethanol, imidazole, 2-methylimidazole, 2-phenylimidazole, and
benzimidazole were purchased from Aladdin Biochemical Technology Co., LTD, Shanghai,
China. Terpineol (C19H;30), colophony (C19H9COOH), and cetyltrimethyl ammonium
bromide (C19HiyBrN, CTAB) were purchased from Macklin Inc., Shanghai, China. All
chemicals were used as received without further purification.

To form the coated Cu nanoparticles, first, 0.05 mol of copper acetate and 0.00625 mol of
protective/dispersing agent (imidazole, 2-methylimidazole, 2-phenylimidazole, benzimidazole, or
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PVP) were dissolved in 100 mL of anhydrous ethanol. Then, 0.2 mol of ascorbic acid was dissolved
in another 150 mL of anhydrous ethanol. The two solutions were mixed and mechanically stirred
at 60 °C for 15 min. As a reducing agent, ascorbic acid reacts with copper acetate to reduce copper
ions into metallic copper (Cu(CH3HCOO),-H,O + CsHgOp — Cu + CsHeOp + CH3COOH 1),
thereby forming copper particles. The Cu particles were extracted from the solution via centrifu-
gation at 12,000 rpm for 3 min and then dried in a vacuum for 3 h.

Prior to their use, Cu substrates (10 x 10 x 0.8 mm?) and dummy chips (4 x 4 x 0.8 mm?)
were washed with 0.05 M sulfuric acid and deionized water, and then dried. The Cu paste
was prepared by mixing Cu nanoparticles, terpineol, colophony, and CTAB at a weight ratio
of 80:16.5:3:0.5. Then, the Cu paste was coated onto the Cu substrates using a spreader with a
gap height of 20 um, and covered using the dummy chips. The samples were then sintered
at 300 °C and 2 MPa for 30 min in an Ar-H2 (95:5) atmosphere with a thermocompressor
(VHP-5000N-2, KJ Group, Shanghai, China). After sintering, an IC Package Soldering Strength
Tester (SERIES-4000-DONDESTER, Dage, London, UK) was used to test the shear strength
of the samples under a shear rate of 0.1 mm/min. The shear strength for each sample was
obtained by dividing the measured shear force by the area of the joint layer. At least five
samples were tested for each data point.

The resistivities of the sintered Cu nanoparticles with and without coating agents
were measured via a standard four-point probe method using a four-point probe system
(Guangzhou Four Probe Technology Co., Ltd., ST-102E, Guangzhou, China) with a source
meter unit (Keithley, 6220, Cleveland, OH, USA). The Cu nanoparticle pastes were coated
onto silicon substrates and covered with silicon plates. The thickness of the nanoparticle
pastes was controlled at ~20 um. Then, the samples were sintered under the same conditions
of 300 °C and 2 MPa for 30 min in an Ar-H; (95:5) atmosphere. Then, the upper silicon layer
was removed. Two constant current probes were fixed at two points of the sintered layer,
with a distance of 9 mm. Two voltage probes were fixed at the trisection points between the
current probes. The resistivity (p) could then be obtained based on the voltage (V), current
(), and thickness of the sintered layer (W) according to the equation:

W VvV

=10 T @
Field emission scanning electron microscopy (FE-SEM; SU8220, Hitachi, Tokyo, Japan)
was used to characterize the morphology of the Cu nanoparticles and the failure surface
of the Cu—Cu interconnect joints. X-ray diffractometry (XRD; Bruker D8 ADVANCE,
Karlsruhe, Germany) was used to observe the phase composition of the Cu nanoparticles.
A thermogravimetric analyzer (TGA; Mettler, Toledo, Zurich, Switzerland) was used to
analyze the weight change of the Cu nanoparticle pastes over 25-600 °C in a N, atmosphere
and in an air atmosphere with a heating rate of 10 °C-min~!. Fourier-transform infrared
spectroscopy (FTIR; Nicolet IS50, Thermofisher, Waltham, MA, USA) was used to observe

the presence of organic groups on the surface of the Cu nanoparticles.

3. Results and Discussion

Figure 1 shows SEM images of the morphologies of the synthesized Cu nanoparticles
with imidazole, 2-methylimidazole, 2-phenylimidazole, and benzimidazole PVP, or without
protective agents. The Cu particles are spherical or in ellipsoid shapes and are dispersed.
The particle sizes of the six kinds of Cu nanoparticles are ~200, ~250, ~300, ~500, ~100, and
~600 nm, respectively.

Figure 2 shows the XRD patterns of the synthesized Cu nanoparticles with imidazole,
2-methylimidazole, 2-phenylimidazole, benzimidazole, and PVD, or without protective
agents, after exposure in the air for 1, 6, 14, and 30 days. Three diffraction peaks can be
observed on all the XRD patterns at 26 = 43.38, 50.43, and 74.15°, corresponding to the
(111), (200), and (220) crystal planes of metallic Cu, respectively. For the sample without a
protective agent, obvious peaks of cuprous oxide can be observed at 26 = 29.45°, 36.502°,
42.23°, and 61.20°, indicating the poor oxidation resistance of the Cu nanoparticles. For
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the samples with imidazole, 2-methylimidazole, and 2-phenylimidazole, a small peak of
cuprous oxide can be noted at 20 = 36.502° after 30 days of exposure. The sample with
PVP shows the cuprous oxide peak earlier after 6 days of exposure. The Cu nanoparticles
with the benzimidazole protective agent do not show the peaks of oxides after 30 days
of exposure, confirming the good oxidation resistance provided by the benzimidazole
protective agent.

Figure 1. FE-SEM images of the morphologies of the synthesized Cu nanoparticles with (al,a2) imi-
dazole, (b1,b2) 2-methylimidazole, (c1,c2) 2-phenylimidazole, (d1,d2) benzimidazole, (el,e2) PVP,
and (f1,£2) no protection agent.
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Figure 2. XRD patterns of the synthesized Cu nanoparticles with (a) imidazole, (b) 2-methylimidazole,
(c) 2-phenylimidazole, (d) benzimidazole, (e) PVP, and (f) no protective agent after exposure in air
for 1, 6, 14, and 30 days. (g) Comparison between the XRD patterns of the 6 samples after exposure in
air for 30 days. (h) Enlarged XRD patterns near 20 = 36.5°.
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Figure 3 shows the TGA curves of the Cu nanoparticles with the five protective agents
and no protective agent, measured in N, and in the air. For all the samples measured
in Ny, the curves drop relatively steeply before reaching a temperature of 300-400 °C,
corresponding to the decomposition of the residual organic materials. After the organic
decomposition, the weight loss slows. According to the final weight fraction, the Cu
content in the Cu nanoparticles is estimated to be 84-95%. The TGA curves of the samples
in the air start to increase at 130-210 °C, corresponding to the oxidation of Cu. The curves
of 2-methylimidazole (Figure 3(b2)) and 2-phenylimidazole (Figure 3(c2)) show a small
drop at 215.7-279 °C and 258.7-285.1 °C, respectively. These results indicate that the
decomposition of the coating agents is faster than the oxidation of Cu over this temperature
range. Above 360470 °C, the curves reach a plateau, corresponding to the end of the
oxidation process. In comparison, the decomposition temperature in N, and the oxidation
temperature of the Cu nanoparticles with the benzimidazole protective agent are relatively
higher (Figure 3(d1,d2)), indicating that the Cu nanoparticles with this protective agent
have better oxidation resistance. The mass reduction of the Cu nanoparticles without
a protective agent in N is probably due to the use of excessive ascorbic acid and other
organic impurities in the solvent during the preparation process, as some organic residues
might remain on the surface of the copper particles, causing the mass loss in the subsequent
thermogravimetric experiments.
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Figure 3. TGA curves of the Cu nanoparticles with (al) imidazole in Nj, (a2) imidazole in air,
(b1) 2-methylimidazole in Ny, (b2) 2-methylimidazole in air, (c1) 2-phenylimidazole in Ny, (c2) 2-
phenylimidazole in air, (d1) benzimidazole in Ny, (d2) benzimidazole in air, (e1) PVP in Ny, (e2) PVP
in air, (f1) no protective agent in N, and (£2) no protective agent in air.

Figure 4 shows the FTIR spectra of the prepared Cu nanoparticles with each of the
four imidazole-based compounds. For the Cu nanoparticles with imidazole (Figure 4a),
the peak at 1643 cm ™! represents the stretching vibration of (-C=C-) and (-C=N-). The
peak at 1412 cm ™! represents the vibration of the C-H bond in (-CH,-). The peaks at
1338, 1322, and 1128 cm ™! represent the vibration of (-CN-), confirming the existence of
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imidazole. For the Cu nanoparticles with 2-methylimidazole (Figure 4b), the peaks at 1710,
1675, and 1664 cm ™! represent the stretching vibrations of (-C=C-) and (-C=N-). The peaks
at 1433 and 1410 cm ™! represent the deformation vibration of the CH bond in (-CH,-).
The peaks at 1319 and 1128 cm ! represent the vibration of (-CN-). The curve confirms
the existence of 2-methylimidazole. For the Cu nanoparticles with 2-phenylimidazole
(Figure 4c), the peaks at 1689 and 1654 cm ™! represent the stretching vibrations of (-C=C-)
and (-C=N-). The peaks at 1433 and 1410 cm ™! represent the deformation vibration of the
CH bond in (-CHj,-). The peak at 1322 cm~! represents the vibration of (-CN-). The peak
at 779 cm~! represents the out-of-plane bending vibration of the hydrogens in a benzene

ring. The spectrum confirms the existence of 2-phenylimidazole. For the Cu nanoparticles

with benzimidazole (Figure 4d), the peaks at 1635, 1319, and 774 cm ! correspond to the

stretching vibrations of (-C=C-) and of (-CN-) and the out-of-plane bending vibrations of

the hydrogens in a benzene ring, respectively. The spectrum shows the presence of benzene

rings and confirms that the Cu nanoparticles contain benzimidazole-related substances.
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Figure 4. FTIR spectra of the prepared Cu nanoparticles with (a) imidazole, (b) 2-methylimidazole,
(c) 2-phenylimidazole, and (d) benzimidazole protective agents.

The resistivities of the sintered Cu nanoparticles were measured and are summarized
in Table 1. The sintered Cu nanoparticles without a protective agent show a resistivity
of 30.15 u)-cm, which is probably caused by oxidation during the sample preparation
process. The sintered Cu nanoparticles with benzimidazole show the lowest resistivity of
4.86 p()-cm among the samples, which is consistent with its best oxidation resistivity. With
good electrical conductivity, the benzimidazole treatment could be considered a feasible
approach for the application of Cu nanoparticles in microelectronic packaging.
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Table 1. The measured resistivities of the sintered Cu nanoparticles with different protective agents.

Protective Agent Resistivity (uQ2-cm)
imidazole 14.7
2-methylimidazole 10.63
2-phenylimidazole 5.69
benzimidazole 4.86
PVP 15.65
without protective agent 30.15

The Cu nanoparticles with the five protective agents and that with no protective agent
were stored in the air for 0-30 days and then sintered at 300 °C and 2 MPa for 30 min.
To determine the shear strengths of the sintered Cu nanoparticle joints, 10 samples were
measured for each sintering condition, and the average values of the results were taken
and are summarized in Figure 5. The errors were derived based on the standard deviation
of the results. It was found that the strength of all the samples decreased with storage time
due to the oxidation of the particles. The strength of the samples with PVP and without
a protective agent decreased more sharply with storage time than the others due to their
poor oxidation resistance. In comparison, the samples with benzimidazole maintained a
relatively high strength after 30 days of storage, which was consistent with their better
oxidation resistance, as shown in the XRD patterns in Figure 2.

—#— imidazole
40 - —0— 2-methylimidazole
—A— 2-phenylimidazole
—¥— benzimidazole
— —o—PVP
g T no protective agent
s 30 -+
L
et
(o]
o
= 20 4
(7]
S
©
()
7
10 4
o I L] I I ] ] L
0 5 10 15 20 25 30
Storage time (days)

Figure 5. Shear strengths of the sintered Cu nanoparticle joints after storage for 0, 6, 15, and 30 days.

Figure 6 shows FE-SEM images of the cross-sections of the joints of the sintered
Cu nanoparticles produced with different protective agents and without a protective
agent prior to storage. The Cu nanoparticles formed sintering necks with adjacent par-
ticles and merged with the upper and lower substrates. For the samples produced with
2-methylimidazole and without a protective agent, large-scale voids could be observed
in the cross-section, which was consistent with the relatively low shear strength of the
samples. The fracture surfaces of the samples are also shown in Figure 7. Some tearing and

deformation features can be observed, which were formed during the fracture process of
the samples.
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BT

Figure 6. Cross-section images of the sintered Cu nanoparticle joints with the protective agents
of (a) imidazole, (b) 2-methylimidazole, (c) 2-phenylimidazole, (d) benzimidazole, and (e) PVP, or
(f) without protective agent. The dashed circles indicate the locations of large-scale voids.

Before this study, the evolution of the sintering performance of Cu nanoparticles
with storage time was rarely reported. In previous studies of the preparation of copper
nanoparticles, organic additives were widely used as protective or dispersant agents, which
could keep the copper particles dispersed or protect them from being oxidized. For example,
Dang et al. [16] added PVP as a dispersant and protective agent in a copper sulfate-sodium
borohydride system to prepare Cu nanoparticles with a size of 10 nm. The as-prepared
Cu nanoparticles could be stored for one week without being oxidized. Balela et al. [34]
added gelatin to a copper oxide-hydraulic system as a dispersant and protective agent. The
as-prepared Cu nanoparticles, with a size of 50-200 nm were stored in water for 4 months
and showed no oxidation peaks. Kanninen et al. [18] added tetraoctylammonium bromide
to copper chloride—sodium borohydride. The as-prepared Cu nanoparticles could be stored
in sulfolol and an oil-acid solution for four weeks without being oxidized. Although
these studies support a positive effect of the organic additives on the oxidation resistance
of Cu nanoparticles through XRD analysis, the exact sintering performance of the Cu
nanoparticles was not provided. In previous studies of the sintering performance of copper
nanoparticles, only the sintering performance of the newly prepared copper particles was
reported, as summarized in Table 2. Therefore, based on the current literature, the effect of
organic protective agents on the sintering performance of copper particles after storage is
still poorly known and needs to be verified.
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Figure 7. Fracture surfaces of the sintered joints with the protective agents (a) imidazole,
(b) 2-methylimidazole, (c) 2-phenylimidazole, (d) benzimidazole, and (e) PVP, or (f) without a
protective agent.

Table 2. Summary of the sintering performance of Cu nanoparticles prepared with organic additives.

. . s Sinter Condition Shear Strength

Diameter (nm) Organic Additive (Atmosphere, Pressure, Temperature) (MPa) 8 Ref.
20-110 PVP air, 5 MPa, 220 °C 13.5 [35]
40-80 PVP Ar-H2, 1.08 MPa, 300 °C 31.88 [36]
30-270 alkylamine air, 0 MPa, 350 °C 26 [6]
30 PVP mixed Ar-H2, 10 MPa, 320 °C 31.2 [5]
50-200 PVP air, 5 MPa, 250 °C 20 [37]
100 octylamine N2, 0.4 MPa, 300 °C 17.1 [38]
60-160 1-amino-2-propanol air, 10 MPa, 250 °C 52.01 [39]
30-80 PVP mixed Ar-H2, 1.12 MPa, 250 °C 25.41 [40]
54-64 CTAB H2, 1.2 MPa, 400 °C 37.7 [41]
3.5-9.5 isopropanolamine Ar, 36.2 MPa 250 °C, 36.2 [42]
80-200 PVP air, 0.4 MPa, 300 °C 20 [43]

In this study, we found that the Cu nanoparticles covered with benzimidazole showed
relatively good antioxidant properties and could maintain their sintering performance for
at least one month. Compared with other organic additives with large molecular weights,
such as PVP, the imidazole compounds used in this study were much smaller and therefore
could decompose at a lower temperature, which is beneficial for reducing the residual
and improving the sintering properties. Some previous studies of organic solderability
preservatives [15] indicated that the N atoms of the imidazole compounds could combine
with Cu and form complexes, which could prevent the copper from being oxidized.

Compared with the previous coating treatments of Cu nanoparticles, the benzimidazole-
coated Cu nanoparticles of this study have the advantages of processing simplicity, low
cost, a relatively long preservation time in the air (30 days), and good sintering properties.
The method provides an effective approach for the antioxidation of Cu nanoparticles in the
microelectronic packaging industry.
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4. Conclusions

Imidazole-compound-coated Cu nanoparticles with a size of 100-500 nm were prepared
via a liquid-phase redox method [44,45] with the addition of imidazole, 2-methylimidazole,
2-phenylimidazole, and benzimidazole protective agents. By complexing with the Cu atoms,
the imidazole compounds formed a protective layer on the Cu nanoparticles and thereby
improved their oxidation resistance and sintering properties. The Cu nanoparticles prepared
with benzimidazole as a protective agent had the best shear strength (32 MPa) after sintering at
300 °C and 2 MPa and could be stored in the air for 30 days without oxidation. These properties
meet the basic requirements of the fields of microelectronic packaging and interconnects.

Author Contributions: Y.Z. and G.Y. designed the project and experiments, obtained the funds, and
wrote the manuscript. X.Y. and Z.C. performed the experiments and characterization. S.W. and H.L.
helped to analyze and discuss the data. S.T., T.L. and C.C. provided technical guidance and support.
All authors have read and agreed to the published version of the manuscript.

Funding: We acknowledge the support of the Science and Technology Program of Guangdong Province
(Grant No. 2022 A0505050071), Guangzhou Basic and Applied Basic Research Project (Grant No.202201010322),
the National Natural Science Foundation of China (Grant Nos. 62174039, 62204063), the Guangdong Basic
and Applied Basic Research Foundation (Grant Nos. 2021A1515110656, 2022A1515010141), and the Key-Area
Research and Development Program of Guangdong Province (Grant No. 202180101290001).

Data Availability Statement: The data provided in this study are available from the corresponding
author upon reasonable request.

Conflicts of Interest: The authors declare no conflict of interest. Shiwo Ta is an employee of Guang-
dong Fenghua Advanced Technology Holding Co., Ltd., Zhaoging, China. Tingyu Lin is an employee
of Guangdong Fozhixin Microelectronics Technology Research Co., Ltd., Foshan, China. This paper
reflects the views of the scientists and not the companies.

References

1. Umer, A,; Naveed, S.; Ramzan, N.; Rafique, M.S.; Imran, M. A green method for the synthesis of Copper Nanoparticles using
L-ascorbic acid. Mater. Rio Jan. 2014, 19, 197-203. [CrossRef]

2. Yang, G.; Lai, H,; Lin, W,; Tong, J.; Peng, Z.; Cao, J.; Luo, J.; Zhang, Y.; Cui, C. Approaching the structure-property relationship
of sintered metal nano/microparticles from the perspective of the agglomerate size effect. Powder Technol. 2022, 399, 117254.
[CrossRef]

3. Barai, K; Tiwary, C.S.; Chattopadhyay, P.P.; Chattopadhyay, K. Synthesis of free standing nanocrystalline Cu by ball milling at
cryogenic temperature. Mater. Sci. Eng. A 2012, 558, 52-58. [CrossRef]

4. Yang, G.; Lai, H,; Lin, W,; Tong, J.; Cao, J.; Luo, J.; Zhang, Y.; Cui, C. A quantitative model to understand the microflow-controlled
sintering mechanism of metal particles at nanometer to micron scale. Nanotechnology 2021, 32, 505721. [CrossRef]

5. Liu, J.D.; Chen, H.T; Ji, H].; Li, M.Y. Highly Conductive Cu-Cu Joint Formation by Low-Temperature Sintering of Formic
Acid-Treated Cu Nanoparticles. ACS Appl. Mater. Interfaces 2016, 8, 33289-33298. [CrossRef]

6. Yamakawa, T.; Takemoto, T.; Shimoda, M.; Nishikawa, H.; Shiokawa, K.; Terada, N. Influence of Joining Conditions on Bonding
Strength of Joints: Efficacy of Low-Temperature Bonding Using Cu Nanoparticle Paste. J. Electron. Mater. 2013, 42, 1260-1267.
[CrossRef]

7. Seong, M.-R.; Lee, G.-Y.; Kim, D.-K,; Kim, Y.-S.; Lee, C.S. Octanethiol coating of nano-sized copper powders using the vapor
self-assembled monolayer method. Met. Mater. Int. 2009, 15, 963-966. [CrossRef]

8. Musa, A,; Ahmad, M.B.; Hussein, M.Z.; Saiman, M.L; Sani, H.A. Preparation, characterization and catalytic activity of biomaterial-
supported copper nanoparticles. Res. Chem. Intermed. 2017, 43, 801-815. [CrossRef]

9.  Chen, X.; Zhou, P; Yan, H.; Chen, M. Systematically investigating solar absorption performance of plasmonic nanoparticles.
Energy 2021, 216, 119254. [CrossRef]

10. Ben Aissa, M.A.; Tremblay, B.; Andrieux-Ledier, A.; Maisonhaute, E.; Raouafi, N.; Courty, A. Copper nanoparticles of well-
controlled size and shape: A new advance in synthesis and self-organization. Nanoscale 2015, 7, 3189-3195. [CrossRef] [PubMed]

11.  Sampath, M.; Vijayan, R.; Ezhilarasu, T.; Tamilselvan, A.; Balasubramanian, S. Green Synthesis of Novel Jasmine Bud-Shaped
Copper Nanoparticles. J. Nanotechnol. 2014, 2014, 626523. [CrossRef]

12.  Grouchko, M.; Kamyshny, A.; Magdassi, S. Formation of air-stable copper-silver core-shell nanoparticles for inkjet printing. J.
Mater. Chem. 2009, 19, 3057-3062. [CrossRef]

13. Yang, G; Lin, W,; Lai, H.; Zhong, C.; Zhang, Y.; Cui, C. Improved understanding of the enhancement of sintering of mixtures of

Cu microparticles and Sn nanoparticles for electronic packaging. J. Mater. Sci-Mater. Electron. 2022, 33, 11467-11474. [CrossRef]


https://doi.org/10.1590/S1517-70762014000300002
https://doi.org/10.1016/j.powtec.2022.117254
https://doi.org/10.1016/j.msea.2012.07.059
https://doi.org/10.1088/1361-6528/ac232d
https://doi.org/10.1021/acsami.6b10280
https://doi.org/10.1007/s11664-013-2583-2
https://doi.org/10.1007/s12540-009-0963-1
https://doi.org/10.1007/s11164-016-2665-x
https://doi.org/10.1016/j.energy.2020.119254
https://doi.org/10.1039/C4NR06893A
https://www.ncbi.nlm.nih.gov/pubmed/25615699
https://doi.org/10.1155/2014/626523
https://doi.org/10.1039/b821327e
https://doi.org/10.1007/s10854-022-08119-7

Micromachines 2023, 14, 2079 11 of 12

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

Dou, Q.Q.; Li, Y.; Wong, KW.; Ng, K.M. Facile synthesis of nearly monodisperse AgCu alloy nanoparticles with synergistic effect
against oxidation and electromigration. . Mater. Res. 2019, 34, 2095-2104. [CrossRef]

Iflah, Y.; Zilbermann, I.; Pevzner, S.; Halevy, S.; Bochlin, Y.; Kadosh, Y.; Kaplan, A.; Korin, E.; Bettelheim, A. Growth Behavior
of Copper and Platinum Nanoparticles in an Imidazolium Based Ionic Liquid. J. Electrochem. Soc. 2017, 164, H5026-H5030.
[CrossRef]

Dang, T.; Le, T.; Fribourg-Blanc, E.; Dang, C. The influence of solvents and surfactants on the preparation of copper nanoparticles
by a chemical reduction method. Adv. Nat. Sci. Nanosci. Nanotechnol. 2011, 2, 025004. [CrossRef]

Li, Y]J.; Tang, X.E; Zhang, Y.T;; Li, J.; Lv, C.B.; Meng, X.L.; Huang, Y.L.; Hang, C.J.; Wang, C.Q. Cu nanoparticles of low
polydispersity synthesized by a double-template method and their stability. Colloid. Polym. Sci. 2013, 292, 715-722. [CrossRef]
Kanninen, P; Johans, C.; Merta, J.; Kontturi, K. Influence of ligand structure on the stability and oxidation of copper nanoparticles.
J. Colloid. Interface Sci. 2008, 318, 88-95. [CrossRef]

Yang, G.; Zou, Q.; Wang, P; Lai, H.; Lai, T.; Zeng, X.; Li, Z.; Luo, ].; Zhang, Y.; Cui, C. Towards understanding the facile synthesis
of well-covered Cu-Ag core-shell nanoparticles from a complexing model. J. Alloys Compd. 2021, 874, 159900. [CrossRef]

Yang, G.; Wang, P,; Liu, Y;; Lu, S.; Luo, B.; Lai, T,; Ta, S.; Lin, T.; Luo, J.; Zhang, Y.; et al. Effect of Ag coating on the oxidation
resistance, sintering properties, and migration resistance of Cu particles. J. Alloys Compd. 2022, 923, 166271. [CrossRef]

Zuo, Y; Shen, J.; Hu, Y.; Gao, R. Improvement of oxidation resistance and bonding strength of Cu nanoparticles solder joints of
Cu-Cu bonding by phosphating the nanoparticle. J. Mater. Process Technol. 2018, 253, 27-33. [CrossRef]

Dai, X.; Xu, W.; Zhang, T.; Shi, H.; Wang, T. Room temperature sintering of Cu-Ag core-shell nanoparticles conductive inks for
printed electronics. Chem. Eng. J. 2019, 364, 310-319. [CrossRef]

Aslam, M.; Gopakumar, G.; Shoba, T.L.; Mulla, LS.; Vijayamohanan, K.; Kulkarni, S.K.; Urban, J.; Vogel, W. Formation of Cu and
Cu,0 Nanoparticles by Variation of the Surface Ligand: Preparation, Structure, and Insulating-to-Metallic Transition. J. Colloid.
Interface Sci. 2002, 255, 79-90. [CrossRef] [PubMed]

Zhu, H.-t.; Zhang, C.-y,; Yin, Y.-S. Rapid synthesis of copper nanoparticles by sodium hypophosphite reduction in ethylene glycol
under microwave irradiation. J. Cryst. Growth 2004, 270, 722-728. [CrossRef]

Gao, Q.; Zhou, W,; Xia, Z.; Wang, X.; Wang, Y.; Yue, Z.; Guo, F. Investigation of ethylene glycol, a-terpineol, and polyethylene
glycol 400 on the sintering properties of Cu—Ag core—shell micro/nano-mixed paste. . Mater. Sci. Mater. Electron. 2023, 34, 1585.
[CrossRef]

Dai, D; Li, J.; Qian, J.; Wang, Z.; Zheng, K.; Yu, J.; Chen, X. The formation of Cu-Cu joints by low temperature sintering Cu NPs
with copper formate layer and its oxidation enhancement. Mater. Lett. 2023, 339, 134087. [CrossRef]

Chen, C.; Zhao, S.; Sekiguchi, T.; Suganuma, K. Large-scale bare Cu bonding by 10 um-sized Cu-Ag composite paste in low
temperature low pressure air conditions. J. Sci. Adv. Mater. Devices 2023, 8, 100606. [CrossRef]

Arai, S.; Nakajima, S.; Shimizu, M.; Horita, M.; Aizawa, M.; Kiyoshi, O. Direct Cu-Cu bonding by low-temperature sintering
using three-dimensional nanostructured plated Cu films. Mater. Today Commun. 2023, 35, 105790. [CrossRef]

Carano, M. The evolution of organic solderability preservatives (OSPs) from a temporary protectant to a leadership position in
surface finishing chemistry. Circuit World 2011, 37, 12-19. [CrossRef]

Jeong, H.; Min, K.D.; Lee, C.J.; Kim, J.H.; Jung, S.B. Mechanical reliability of Cu cored solder ball in flip chip package under
thermal shock test. Microelectron. Reliab. 2020, 112, 105790. [CrossRef]

Baek, S.; Jeong, G.W.; Son, J.H.; Kim, M.S.; Lee, H.B.R.; Kim, J.; Ko, Y.H. Interfacial reactions and mechanical properties of
transient liquid-phase bonding joints in Cu/Sn/Ni(P) and Ni/Sn/(OSP)Cu structures for power modules. J. Mater. Sci. Mater.
Electron. 2021, 32, 3324-3333. [CrossRef]

Araujo Martinez, A.; Landee, C.P; Dickie, D.A.; Wikaira, J.L.; Xiao, F.; Turnbull, M.M. Pyridyl-imidazole copper compounds. J.
Coord. Chem. 2023, 76, 232-257. [CrossRef]

Hardian, R.; Pogany, P; Lee, Y.M.; Szekely, G. Molecular sieving using metal-polymer coordination membranes in organic media.
J. Mater. Chem. A 2021, 9, 14400-14410. [CrossRef]

Balela, M.D.; Amores, K.L. Formation of Oxidation-Stable Copper Nanoparticles in Water. Adv. Mater. Res. 2015, 1131, 255-259.
[CrossRef]

Yan, ].E; Zou, G.S.; Hu, AM.; Zhou, Y.N. Preparation of PVP coated Cu NPs and the application for low-temperature bonding. J.
Mater. Chem. 2011, 21, 15981-15986.

Li, J.; Yu, X;; Shi, T.; Cheng, C.; Fan, J.; Cheng, S.; Liao, G.; Tang, Z. Low-Temperature and Low-Pressure Cu-Cu Bonding by
Highly Sinterable Cu Nanoparticle Paste. Nanoscale Res. Lett. 2017, 12, 255. [CrossRef]

Yan, J.F; Zou, G.S.; Zhang, Y.C,; Li, ].X,; Liu, L.; Wu, A.P; Zhou, Y.N. Metal-Metal Bonding Process Using Cu + Ag Mixed
Nanoparticles. Mater. Trans. 2013, 54, 879-883. [CrossRef]

Gao, Y,; Xiao, Y.B.; Liu, Z.Q.; Liu, Y.; Sun, R. Low pressure Cu-Cu bonding using MOD ink-modified Cu particle paste for
die-attachment of power semiconductors. J. Mater. Sci. Mater. Electron. 2022, 33, 3576-3585. [CrossRef]

Yuan, Y.L; Wu, H.Y;; Li, ].J.; Zhu, PL.; Sun, R. Cu-Cu joint formation by low-temperature sintering of self-reducible Cu
nanoparticle paste under ambient condition. Appl. Surf. Sci. 2021, 570, 7. [CrossRef]

Li, J.J; Yu, X; Shi, T.L.; Cheng, C.L.; Fan, J.H.; Cheng, S.Y,; Li, T.X,; Liao, G.L.; Tang, Z.R. Depressing of Cu-Cu bonding
temperature by composting Cu nanoparticle paste with Ag nanoparticles. J. Alloys Compd. 2017, 709, 700-707. [CrossRef]


https://doi.org/10.1557/jmr.2019.71
https://doi.org/10.1149/2.0031708jes
https://doi.org/10.1088/2043-6262/2/2/025004
https://doi.org/10.1007/s00396-013-3123-6
https://doi.org/10.1016/j.jcis.2007.09.069
https://doi.org/10.1016/j.jallcom.2021.159900
https://doi.org/10.1016/j.jallcom.2022.166271
https://doi.org/10.1016/j.jmatprotec.2017.11.001
https://doi.org/10.1016/j.cej.2019.01.186
https://doi.org/10.1006/jcis.2002.8558
https://www.ncbi.nlm.nih.gov/pubmed/12702371
https://doi.org/10.1016/j.jcrysgro.2004.07.008
https://doi.org/10.1007/s10854-023-10965-y
https://doi.org/10.1016/j.matlet.2023.134087
https://doi.org/10.1016/j.jsamd.2023.100606
https://doi.org/10.1016/j.mtcomm.2023.105790
https://doi.org/10.1108/03056121111128279
https://doi.org/10.1016/j.microrel.2020.113918
https://doi.org/10.1007/s10854-020-05080-1
https://doi.org/10.1080/00958972.2023.2169608
https://doi.org/10.1039/D1TA02601A
https://doi.org/10.4028/www.scientific.net/AMR.1131.255
https://doi.org/10.1186/s11671-017-2037-5
https://doi.org/10.2320/matertrans.MD201222
https://doi.org/10.1007/s10854-021-07551-5
https://doi.org/10.1016/j.apsusc.2021.151220
https://doi.org/10.1016/j.jallcom.2017.03.220

Micromachines 2023, 14, 2079 12 of 12

41. Kobayashi, Y.; Shirochi, T.; Yasuda, Y.; Morita, T. Metal-metal bonding process using metallic copper nanoparticles prepared in
aqueous solution. Int. J. Adhes. Adhes. 2012, 33, 50-55. [CrossRef]

42. Mou, Y, Liu, ].X;; Cheng, H.; Peng, Y.; Chen, M.X. Facile Preparation of Self-Reducible Cu Nanoparticle Paste for Low Temperature
Cu-Cu Bonding. JOM 2019, 71, 3076-3083. [CrossRef]

43. Gao, Y,; Li, W.L.,; Zhang, H.; Jiu, ].T.; Hu, D.W,; Suganuma, K. Size-Controllable Synthesis of Bimodal Cu Particles by Polyol
Method and Their Application in Die Bonding for Power Devices. IEEE Trans. Compon. Packag. Manuf. Technol. 2018, 8, 2190-2197.
[CrossRef]

44. Chang, SJ.; Tung, C.A,; Chen, BW.; Chou, Y.C.; Li, C.C. Synthesis of non-oxidative copper nanoparticles. RSC Adv. 2013, 3,
24005-24008. [CrossRef]

45. Bae, D.S,; Kim, E.J.; Bang, ].H.; Kim, SW.; Han, K.S; Lee, ] K.; Kim, B.I.; Adair, J.H. Synthesis and characterization of silver
nanoparticles by a reverse micelle process. Met. Mater. Int. 2005, 11, 291-294. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1016/j.ijadhadh.2011.11.002
https://doi.org/10.1007/s11837-019-03517-5
https://doi.org/10.1109/TCPMT.2018.2866107
https://doi.org/10.1039/c3ra44768e
https://doi.org/10.1007/BF03027331

	Introduction 
	Materials and Methods 
	Results and Discussion 
	Conclusions 
	References

