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Review Article
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A B S T R A C T

While silver-based sintered materials are limited by cost and electromigration, and copper faces challenges with 
oxidation at high temperatures, Cu-based composite sintering materials offer promising alternative solutions. 
This review examines recent advances in Cu-based composite sintered materials for die-attach in power elec
tronics packaging, focusing on their mechanical, thermal, electrical properties, and reliability. This review 
systematically categorizes such compounding strategies, including direct mixing, core-shell structures, and 
alloying, analyzing the impact on composite properties. Furthermore, the reliability of Cu-based composite 
sintered joints is evaluated, addressing high-temperature storage, thermal cycling, corrosion, and electro
chemical migration. Challenges such as oxidation resistance, process optimization, and cost-effectiveness are 
discussed, together with future research directions. This work aims to support researchers in advancing Cu-based 
composite sintering materials research and development, broadening material options for high-temperature 
power electronics packaging applications.

1. Introduction

The rapid development of high-performance electronic devices, 
especially in electric vehicles, renewable energy, and aerospace, has led 
to an increase in power density and module miniaturization [1–3]. As a 
result, the demand for electronic packaging materials for efficient heat 
dissipation and mechanical integrity has grown dramatically [4]. The 
die-attach materials, bonding semiconductor chips to substrates, 
directly influence the device’s thermal management, reliability, and 
longevity under extreme operating conditions [5].

Conventional solder materials have historically been the choices for 
die-attach applications due to their mature process and adequate 
bonding properties [6]. Lead solders, e.g., tin-lead (Sn–Pb) alloys, are 
facing environmental concerns such as the European Union’s RoHS 
regulation [7,8], while lead-free solders, such as tin-silver-copper (SAC) 
alloys, suffer from limited performance for high-power and 
high-temperature applications [9,10]. Afterwards, silver (Ag)-based 
sintered materials have emerged as a promising alternative, offering 

superior thermal and electrical conductivity as well as excellent me
chanical stability under high temperatures [11–15]. However, high costs 
and susceptibility to electromigration under high current densities 
continue to hinder their widespread adoption [16]. Nowadays, it begins 
to shift to copper (Cu) sintering, known for its cost-effectiveness and 
comparable thermal and electrical properties compared to silver sin
tering [15,17–19]. Nonetheless, copper’s major drawback lies in its 
susceptibility to oxidation at elevated temperatures, leading to a loss in 
thermal conductivity and bond strength, thereby compromising its 
reliability in high-temperature environments [18,20].

To overcome these challenges, Cu-based composite sintered mate
rials have garnered increasing attention for both research and industry 
[21–27]. These composites incorporate secondary elements such as sil
ver, tin, or ceramics to enhance the oxidation resistance, thermal sta
bility, and mechanical properties of copper, making it a viable candidate 
for high-performance die-attach applications [28].

As shown in Fig. 1, three primary strategies are commonly employed 
to optimize the performance of Cu-based composites: 
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(1) Direct Mixing: This method blends copper with metallic or non- 
metallic fillers, such as silver or alumina, to enhance mechanical 
strength, improve thermal conductivity, and mitigate oxidation.

(2) Core-Shell Structures: Coating copper particles with a protective 
shell of oxidation-resistant material like nickel or silver provides 
a barrier that prevents surface degradation while maintaining 
high thermal and electrical conductivity.

(3) Alloying: The introduction of elements such as tin or bismuth into 
the copper matrix can improve its mechanical strength, sintering 
behavior, and thermal stability, making the material more suit
able for high-temperature applications.

These strategies have proven effective in improving the properties of 
Cu-based sintered materials for the demanding requirements of power 
electronics. In addition to advances in processing techniques such as 
spark plasma sintering (SPS) and transient liquid-phase sintering (TLPS), 
simulation methods including finite element modeling (FEM) and mo
lecular dynamics (MD) have been increasingly adopted to investigate 
thermal behavior, stress evolution, and microstructural development 
during sintering, thus bringing deeper understanding for sintering 
mechanism [29,30]. Simulation tools, combined with algorithms or 
artificial intelligence (AI) modelling, enable the optimization of material 
composition and processing parameters with limited experimental data, 
thereby accelerating the development of composites with enhanced 
thermal conductivity and mechanical integrity [31,32].

The adoption of Cu-based composite sintered materials in power 
electronics is promising for the future of high-performance packaging to 
withstand harsh conditions [33,34]. Cu-based composites not only 
address the shortcomings of traditional solder, pure copper, and 
silver-based sintering materials, but also provide a potential 
cost-effective and scalable solution for die-attach applications. While 
Cu-based composite pastes have attracted growing attention in 
emerging applications such as solar cell front electrodes and flexible 
printed electronics due to their excellent printability and conductivity, 
current reviews’ efforts on power semiconductor packaging have rarely 
focused on the composite design and multifunctionality of Cu-based 
sintered materials [20].

Therefore, this review aims to provide a comprehensive overview of 

the advancements in Cu-based composite sintered materials for die- 
attach applications. Section 2 categorizes and evaluates the various 
strategies for material enhancement, focusing on the thermal, electrical, 
and mechanical properties of these composites. Section 3 delves into the 
research progress of the reliability evaluation of these materials under 
practical conditions, such as high-temperature storage, thermal cycling, 
corrosion, and electrochemical migration. Finally, Section 4 outlines the 
remaining challenges and proposes future directions for research, of
fering insights into how the development of Cu-based composites can 
revolutionize high-power electronic packaging.

2. Cu-matrix composite sintering materials

The development of copper-based sintered materials has undergone 
a continuous evolution driven by the growing performance re
quirements of high-power electronic devices, as shown in Fig. 2. 
Initially, pure copper sintering was explored as a cost-effective alter
native to expensive silver-based pastes [35]. However, its high suscep
tibility to oxidation and poor long-term reliability limited its practical 
application.

To address these challenges, researchers have successively proposed 
several improvement strategies. Early efforts focused on direct physical 
blending with secondary metallic particles (e.g., Ag, Sn) or ceramic 
fillers to enhance thermal, electrical, and mechanical properties. This 
was followed by the introduction of oxide-assisted sintering, utilizing in- 
situ reduction of Cu2O or CuO to improve interparticle bonding and 
densification. With advances in nanotechnology and interfacial engi
neering, core-shell structures such as Cu@Ag and Cu@Sn were devel
oped to protect copper surfaces and enable low-temperature sintering 
while improving oxidation resistance. More recent approaches include 
polymer-assisted composites and nano-alloying designs enhance inter
facial compatibility, processing flexibility, and environmental reli
ability. By 2023, research had shifted toward multi-component 
composite strategies, integrating various fillers and reaction control 
mechanisms (e.g., Cu/Ni-OPTG, Cu@Sn@Ag, Cu/Ag/Epoxy), to simul
taneously optimize thermal, mechanical, and electrical performance. By 
2025, the focus has expanded to include sintering mechanism modeling, 
interfacial reliability analysis, and multi-objective optimization tailored 

Fig. 1. Overview of challenges and strategies in the development of Cu-based composite sintered materials.
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to practical applications.
Against this background, the enhancement of Cu-based sintered 

materials has become a key research focus in electronic packaging, 
particularly as device integration density and thermal load continue to 
increase. Based on the evolution of material design strategies and 
composite methods, this section provides a systematic overview of Cu- 
based sintering paste development, which can be broadly categorized 
into three representative approaches: direct blending (Section 2.1), 
core-shell structuring (Section 2.2), and alloying (Section 2.3). Each 
method is analyzed in terms of processing techniques and performance 
characteristics.

2.1. Cu-based blended composite materials

The primary advantages of direct blending composite sintered cop
per materials lie in their simplicity and effectiveness in enhancing the 
performance of composite materials. This method involves the thorough 
mixing of different powders prior to the sintering process, ensuring even 
distribution of each component within the matrix. Through co-sintering, 
the resulting material exhibits improved mechanical properties, 
enhanced thermal and electrical conductivity, and increased resistance 
to environmental degradation. Moreover, direct co-sintering proves to 
be a cost-effective approach as it reduces the need for complex pro
cessing steps and utilizes readily available raw materials. The blended 
materials of Cu-based composite sintered materials can be categorized 
into three types: metallic materials (Section 2.1.1), metal oxide mate
rials (Section 2.1.2), and non-metallic materials (Section 2.1.3). In the 
following sections, the performance and research advancements of Cu- 
based sintered joints following the combination of these three types of 
elements will be reviewed. Table 1 summarizes the preparation, prop
erties, and high-temperature application potential of Cu-based blended 
composite sintered materials, focusing on the effects of copper-metal 
ratios, particle morphology, and sintering processes (including temper
ature, pressure, sintering time, sintering atmosphere, the metal particle 
size, etc.) on shear strength, porosity, hardness, modulus, and electrical 
and thermal conductivity. The entries in Table 1 are organized according 
to the type of secondary phase (metallic, metal oxide, and non-metallic 
materials) and further sorted chronologically by publication year within 
each category.

2.1.1. Metallic particles
Metallic particles serve as essential dopants in Cu-based composite 

sintered pastes, offering improvements in thermal conductivity, elec
trical properties, mechanical strength, and oxidation resistance. This 
section reviews key advancements and mechanisms associated with 
copper composites doped with silver (Cu + Ag), tin (Cu + Sn), and other 

metallic particles.

2.1.1.1. Cu + Ag. Copper-silver (Cu–Ag) mixed sintering materials 
have attracted considerable interest due to their excellent stability and 
outstanding performance in electronic packaging, especially for high- 
power device applications. As depicted in Fig. 3a, the Cu–Ag alloy 
phase diagram reveals a high level of stability between the two metals at 
temperatures below 300 ◦C, which inhibits the formation of interme
tallic compounds (IMCs) under standard conditions. Since Kim et al. 
[36] introduced Cu–Ag nanopastes in 2014, researchers have been 
optimizing the Cu:Ag ratio, particle morphology, solvent systems, and 
sintering parameters. The related research progress is summarized in 
rows 1 to 9 of Table 1. From these studies, it can be observed that the 
primary research efforts have centered on tuning compositional ratios, 
tailoring particle structures, and incorporating functional solvents to 
improve densification and mechanical performance. Notable progress 
has been made in enabling low-temperature bonding, enhancing inter
facial strength, and improving thermal and electrical conductivity 
through dual-scale filler design and epoxy-assisted sintering strategies. 
However, there is still a lack of in-depth understanding of the funda
mental sintering mechanisms, including the dynamic interaction be
tween Cu and Ag phases, interfacial bonding evolution, and porosity 
formation. These aspects remain underexplored and represent important 
directions for future investigation, particularly for applications 
requiring model-driven performance optimization and long-term reli
ability prediction.

The copper-silver ratio profoundly impacts the microstructure, 
electrical conductivity, and mechanical properties of Cu–Ag sintered 
materials. Cheng et al. [38] analyzed the sintering behavior of Cu–Ag 
composite particles and evaluated optimal Cu–Ag paste compositions 
using percolation theory, as shown in Fig. 3b. Their study revealed that a 
silver volume fraction of 75 % yielded optimal shear strength and re
sistivity under hot pressing, while a 35 % ratio sufficed for furnace 
sintering. Increasing silver content also reduces porosity and resistivity, 
as demonstrated by Lv et al. [40].

Particle morphology is another crucial factor that governs the 
properties of Cu–Ag sintered joints. Li et al. [22] introduced a 
multi-shape design for Ag–Cu bimetallic pastes, tailored for power 
electronic packaging applications. By leveraging the "rolling effect" of 
Cu spherical particles, silver flakes achieved a denser packing configu
ration, enhancing plastic deformation during sintering, as illustrated in 
Fig. 3c. This innovative design led to a notable improvement in the shear 
strength of sintered joints, showcasing the potential of morphology en
gineering in achieving superior material performance.

The choice of solvent significantly influences the dispersion of par
ticles, sintering behavior, and overall performance of Cu–Ag composites. 

Fig. 2. Technological roadmap showing the key development stages of Cu-based sintered materials for electronic packaging applications.
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Table 1 
Summary of preparation methods and properties of Cu-matrix composite sintered materials.

Authors Year Materials Processing Porosity Properties of the sintered joints Ref.

Shear Strength Elastic 
Modulus

Hardness Thermal 
Conductivity

Electrical 
Conductivity

Kim et al. 2014 Cu (50 nm) + Ag 
(40 nm), Cu 
content: 20, 40, 50, 
60, and 80 wt%

380 ◦C, 30 min, 
air, 1 cm × 1 cm

40.02 %– 
42.62 % 
(Cu 
content: 
20–80 wt 
%)

/ / / / 0.81–2.27 ×
105 (Ω cm)− 1 

(Cu content: 
80~20 wt%)

[36]

Li et al. 2017 Cu (61.02 nm) + Ag 
(69.25 nm), 2:1 M 
ratio of Cu:Ag

250 ◦C, 1.12 
MPa, 60 min, 
Ar–H2 gas, 3 
mm × 3 mm

/ 25.41 MPa / / / 1.99 × 10− 7 Ω 
m

[46]

Guo et al. 2017 10/20 mol% Cu NP 
+ Ag NW + Ag NP 
(Cu NP 100 nm, Ag 
NP 50–100 nm, Ag 
NW length 8–20 
um/diameter 80 
nm)

250 ◦C, 2–5 
MPa, 10 min, 
air, diameter 6 
mm

/ 12~17 MPa / / / 5.0 × 10− 4 Ω 
m (20 mol% 
Cu NPs)

[47]

Liu et al. 2019 Copper foam + Ag 
(50 nm)

250 ◦C, 5 MPa, 
5/10/15/20 
min, 2 mm × 2 
mm

/ 25.51–41.77 MPa 
(5–20 min)

/ 1.41–1.63 
GPa (5–20 
min)

/ / [48]

Li et al. 2022 S Cu (1–3 μm) + F 
Ag (1–3 μm), 
content: Cu:Ag =
1:1

250 ◦C, 20 MPa, 
300 s, N2, 2 mm 
× 2 mm

/ 47.42 MPa / / / / [22]

Chen et al. 2023 F Cu (11.9 μm) +
Ag amino complex; 
S Cu (10 μm) + Ag 
amino complex

180/250/ 
300 ◦C, 30 min, 
air, 2 MPa, 3 
mm × 3 mm/ 
30 mm × 30 
mm

/ 16.9–56.7 MPa 
(180–300 ◦C, 3 × 3 
mm); 
31.9 MPa (300 ◦C, 
90min, 5 MPa 30 ×
30 mm)

/ / 138.3–243.7 
W/m.K

/ [23]

Lv et al. 2023 Cu (9 nm) + Ag, 
with Cu and Ag 
atomic ratios of 3:1, 
2:1, 1:1, 1:2, and 1:3

250 ◦C, Ar–H2 
(5 % H2) mixed 
atmosphere, 2 
MPa, 3 mm × 3 
mm

7.37 %– 
1.92 % 
(Cu3Ag ~ 
CuAg3)

22.8–32.6 MPa 
(Cu3Ag ~ CuAg3)

/ / / 26.33–8.74 
μΩ cm (Cu3Ag 
~ CuAg3)

[40]

Cheng 
et al.

2023 Cu (1–10 μm) + Ag 
(0.1 μm), 25 %–85 
% vol.Cu

250 ◦C, 30 min, 
air, 5 MPa, 5 
mm × 5 mm

6.82 %– 
31.34 % 
(25 %–65 
% vol.Cu)

1.36–8.88 MPa (65 
%–25 % vol.Cu)

/ / 10.59–156.98 
W/m.K (25 %– 
65 % vol.Cu)

7.80–18.60 
μΩ cm (25 %– 
65 % vol.Cu)

[38]

Wang et al. 2024 F Cu (1–3 μm) + F 
Ag (1–3 μm), 
content: Cu:Ag =
1:1

250 ◦C, 20 MPa, 
10 min, N2, 2 
mm × 2 mm

2.86 % 51.70 MPa 48.98 
GPa

1.04 GPa / 2.03 × 105 S 
cm− 1

[39]

Lang et al. 2013 Cu + Sn,<15 μm, 
content: Cu:Sn =
6:4

260 ◦C, 20 min, 
0.3 MPa, N2, 
6.35 mm ×
6.35 mm

/ ~40 MPa / / / / [41]

Greve et al. 2017 S Cu (37–88 μm) +
S Sn (20–38 μm), 
content: Cu:Sn = 66 
wt%:17 wt%

300 ◦C, 30 min, 
0.3 MPa, 6.35 
mm × 6.35 mm

<5 % / / / ~140.2 W/m.K / [21]

Kato et al. 2017 Cu + Sn-8 wt.% Cu 
(<13 μm), content: 
Cu:Sn = 7:3

280 ◦C, 20 min, 
0.1 MPa, N2, 3 
mm × 3 mm

~5 % ~42 MPa / / 0.13 W/K (Rth) / [49]

Said et al. 2020 F Cu + Sn-0.7 Cu 
(45 μm) content: Cu 
= 10 wt%

250 ◦C, 30 s / 20.19 MPa / / / / [50]

Yang et al. 2022 S Cu (0.9 μm) + S 
Sn (250 nm), 
content: Sn = 9/25/ 
50 wt%

260 ◦C, 30 min, 
5 MPa, 5 % 
H2+95 % Ar, 3 
mm × 3 mm

/ 45/70/34 MPa (Sn 
= 9/25/50 wt%)

/ / / / [42]

Shao et al. 2018 Cu (2 μm/20 μm)+
20 μm-thick pure 
Sn foil

250/300 ◦C, 
1–90 min, 0.3 
MPa, diameter 
6 mm

/ 32.9 MPa (300 ◦C/ 
45 min)

/ / / / [31]

Min et al. 2021 Cu (4 μm) +
Sn–58Bi (35 μm), 
Cu-50/70/90 
Sn–58Bi

220 ◦C, 2 h, air, 
3 mm × 3 mm

/ 10.36/22.06/ 
45.31 MPa (Cu-50/ 
70/90 Sn–58Bi)

/ / / / [44]

Siah et al. 2019 Cu + Al + resin 
(60–80 nm, content 

380 ◦C, 30 min, 
1 cm × 1 cm

/ / / / / 21 μΩ cm [43]

(continued on next page)
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Table 1 (continued )

Authors Year Materials Processing Porosity Properties of the sintered joints Ref.

Shear Strength Elastic 
Modulus 

Hardness Thermal 
Conductivity 

Electrical 
Conductivity

of Cu:Al = 8:2, 0.25 
g resin)

Greve et al. 2014 Cu + Ni + Sn 300 ◦C, 30 min, 
<0.5 MPa, 6.35 
mm × 6.35 mm

/ Softening Behavior 
(shear strength<10 
MPa) occurred 
>416 ◦C

/ / / / [45]

Liu et al. 2016 flake-shape Cu 
particles with Cu2O 
oxide layer, Formic 
acid as reducing 
solvent

0.08 MPa at 
300 ◦C for 40 
min

/ 30.9 MPa / / / / [51]

Yamagiwa 
et al.

2021 0.53 μm Submicron 
Cu particles, then 
with Cu2O oxide 
layer

heated to 
200–350 ◦C 
and held for 
0.5–5 h under 
N2-3 % H2/N2

12~14 % N2–3 %H2:>20 
MPa@ 300 ◦C, 
350 ◦C; 
N2: ≤6 MPa

/ / / / [52]

Gao et al. 2020 Cu particles, Cu 
oxide fragments, 
Cu oxide 
nanoparticles; 
Formic acid as 
reducing solvent

~0.07 MPa at 
300 ◦C for 10/ 
20/30/40 min;

/ 7~27 MPa / / / / [53]

Gao et al. 2019 flake-shaped Cu 
microparticles (6.9 
μm) with Cu2O 
nanoparticles (after 
ORB)

under formic 
acid 
atmosphere at 
300 ◦C with Cu/ 
Ag/Au 
substrates

/ Cu: 14.89–17 MPa; 
Ag:17.34–30.28 
MPa; 
Au:23.57–35.10 
MPa

/ / / / [25]

Ogura 
et al.

2013 Ag2O: CuO mixed 
at a weight ratio of 
9:1; 
PEG 400 as 
reducing solvent

5 MPa from 
300 ◦C to 
400 ◦C for 300 s

/ 31–50 MPa from 
300 ◦C to 400 ◦C

/ / / / [54]

Han et al. 2023 Cu: Ag2O mixed at a 
weight ratio of 4:6/ 
3:7; glycerol, EW-10 
as reducing solvent

5 MPa at 300 ◦C 
for 300 s

3:7–4.52- 
0.09 % for 
300s

10.6–38 MPa (4:6) 
27.8–45.5 MPa 
(3:7)

/ / / / [55]

Yao et al. 2018 CuO particles (1 
μm); PEG1000 as 
reducing solvent

5/10/15 MPa at 
300/350/400/ 
450/500 ◦C for 
15 min;

/ 5.7–24 MPa / / / / [56]

Hou et al. 2021 gas atomized copper 
powders (5–70 μm) 
with Cu2O 
nanoparticles (after 
ORB)

5/7.5/10/12.5/ 
15 MPa at 
300 ◦C in a 
formic acid 
atmosphere for 
40 min

/ 20.7–32.9 MPa 87~93 
GPa

1.86–2.15 
GPa

/ / [57]

Park et al. 2014 Cu/CuO/Cu2O 
equiaxed flakes; 
DN/EG/DEG/TEG/ 
PEG as reducing 
solvent

0.4 MPa at 
300 ◦C for 60 
min; 4 mm × 4 
mm

/ 9.6, 13.2, 9.8, 16.4 
MPa

/ / / / [58]

Matsuda 
et al.

2023 Cu2O nanoparticles; 
PEG 400 as 
reducing solvent

5 MPa, 
260–300 ◦C 
held for 30 min

/ <15 MPa at 260 ◦C, 
>30 MPa at 280, 
300 ◦C

/ / / / [59]

Zuo et al. 2020 0.1 μm CuO 
particles; ascorbic 
acid and ethylene 
glycol, glycerol, 
PEG as reducing 
agent I, II, III

3 MPa at 220 ◦C 
for 10/15/20/ 
40/80/240 
min;

/ reach a peak of 22 
MPa at 15 min

/ / / / [60]

Gao et al. 2018 As-synthesized Cu 
particles (Cu@Cu 
oxide ); 0/5/10/15 
wt% AA dissolved in 
EG as solvent

0.4 MPa from 
200 ◦C to 
350 ◦C for 30 
min; N2

/ 14.4 MPa with 0 wt 
% AA at 350 ◦C; 
24.8 MPa with 10 
wt% AA at 300 ◦C

/ / / / [61]

Siah et al. 2019 Cu + Al + resin 
(60–80 nm, content 
of Cu:Al = 8:2, 0.25 
g resin)

380 ◦C, 30 min, 
1 cm × 1 cm

/ / / / / 21 μΩ cm [43]

Wang et al. 2024 F Cu (1–3 μm) + F 
Ag (1–3 μm) +
epoxy resin (5–10 

250 ◦C, 20 MPa, 
10 min, N2, 2 
mm × 2 mm

1.93 % (5 
wt% 
epoxy)

48.54 MPa (5 wt% 
epoxy)

27.37 
GPa (5 

0.69 GPa 
(5 wt% 
epoxy)

/ 1.336 × 105 S 
cm− 1 (5 wt% 
epoxy)

[39]

(continued on next page)
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Wang et al. [39] demonstrated that modifying solvents by incorporating 
epoxy resin greatly improved the shear strength of sintered joints, as 
presented in Fig. 3d. This effect was particularly evident after 
high-temperature storage and thermal cycling, highlighting the role of 
solvent chemistry in enhancing material reliability under extreme 
conditions.

The parameters of the sintering process include temperature, pres
sure and time, which play decisive roles in determining the final prop
erties of the copper-silver mixed sintered material. Chen et al. [23] 
achieved shear strength up to 56.7 MPa and thermal conductivity of 
243.7 W/m⋅K at 300 ◦C and 2 MPa, rivaling Ag-based pastes, as shown in 
Fig. 3e. These findings highlight Cu–Ag systems’ potential for 
cost-effective, high-performance packaging.

2.1.1.2. Cu + Sn. Tin (Sn) particles, alongside silver, are commonly 
used fillers in Cu-based sintered composites, primarily to enhance 
wettability and filling properties. Due to its low melting point, Sn acts 
similarly to solder in the composite, facilitating sintering at relatively 
low temperatures. Early research of Lang et al. [41] in 2013 demon
strated that a mixed sintered material consisting of 60 % Cu and 40 % Sn 
exhibited a shear strength of approximately 40 MPa under 
low-pressure-assisted sintering conditions, making it an ideal candidate 
for power electronics packaging. However, in the Cu–Sn phase diagram 
(Fig. 4a), Cu and Sn can form various intermetallic compounds (IMCs), 
which have a pronounced impact on the final properties of the materials 
during the sintering process. Major Cu–Sn IMCs include Cu6Sn5 (η 
phase) and Cu3Sn (ε phase), with melting points of 415 ◦C and 676 ◦C, 
respectively. During sintering, Sn melts first due to its low melting point 
(232 ◦C), and subsequently reacts with Cu particles to form Cu–Sn IMCs, 
resulting in potential phases such as unreacted Cu, Cu6Sn5, Cu3Sn, and 
possibly Cu–Sn solid solutions.

Rows 10 to 15 of Table 1 summarizes the current research progress 
on Cu–Sn mixed sintering. Comparative analyses reveal that particle 
size, morphology, mixing ratio, and sintering conditions play decisive 
roles in determining the density, microstructure, and mechanical prop
erties of the sintered joints. These studies highlight progress in tailoring 

filler characteristics and sintering parameters to achieve improved joint 
performance, particularly through the use of hierarchical particle sizes 
and transient liquid phase sintering (TLPS) techniques. However, 
research on the dynamic formation and evolution of Cu–Sn IMCs during 
sintering, especially under rapid or pressureless conditions, remains 
limited. In-depth studies are still needed to fully understand interfacial 
reaction kinetics and IMC layer morphology.

Particle size and morphology critically influence sintering density 
and microstructural evolution. Larger Cu particles create effective flow 
channels for molten Sn, which enhances densification and mechanical 
properties. Shao et al. [31] demonstrated that porous Cu layers com
bined with Sn foils achieved enhanced densification through capillary 
action, resulting in robust Cu–Sn joints, as exhibited in Fig. 4b. Addi
tionally, the use of nano-sized Sn particles in TLPS pastes improved in 
sintering efficiency and joint reliability [42].

The ratio of Cu to Sn particles determines the phase composition and 
mechanical properties of the sintered product. Optimal Sn content (~25 
wt%) promotes Cu3Sn formation and enhances strength, as shown by 
Yang et al. [42] (Fig. 4c). The results indicated that adequate Sn content 
promoting the formation of Cu3Sn IMC are improving joint strength, 
while excessive Sn content may lead to the formation of Cu6Sn5 IMC 
which could weaken the joint.

The sintering temperature and time influence the formation of IMCs 
and joint strength in Cu–Sn systems. Moderate heating (e.g. 260 ◦C) 
ensures thermal stability [41]. Prolonged sintering enhances IMC uni
formity and shear strength, though excessive duration offers limited 
benefits. Shao et al. [31] found that increasing the sintering duration 
from 5 to 15 min resulted in a 25 % increase in shear strength, attributed 
to the enhanced uniformity of the Cu6Sn5 phase. However, excessive 
time yielded diminishing returns, as presented in Fig. 4d. Additionally, 
while appropriate pressure enhances densification, excessive force may 
cause structural damage. Therefore, careful optimization is crucial for 
achieving reliable and cost-effective manufacturing.

2.1.1.3. Cu + Others. Researchers explored the combination of other 
materials or multi-component mixtures to develop novel bonding 

Table 1 (continued )

Authors Year Materials Processing Porosity Properties of the sintered joints Ref.

Shear Strength Elastic 
Modulus 

Hardness Thermal 
Conductivity 

Electrical 
Conductivity

wt%), content: Cu: 
Ag = 1:1

wt% 
epoxy)

Wang et al. 2023 F Cu (1–3 μm) +
epoxy resin (5 wt 
%)

250 ◦C, 20 MPa, 
15 min, N2, 2 
mm × 2 mm

/ 36.25 MPa / / / / [34]

Hwang 
et al.

2021 S Cu (4 μm) + F Cu 
(20 μm) + resin (5, 
10, 15 wt%), 
content: S Cu:F Cu 
= 1:1

250 ◦C, 30 min, 
N2, 3 mm × 3 
mm

/ 2.81, 12.1, 16.23 
MPa

/ / / 1.74, 1.88, 
3.03 Ω (5, 10, 
15 wt% resin)

[24]

R.Vignesh 
et al.

2019 Cu + CNTs 
(diameter 10–60 
nm, length 10 μm, 
content: 0.25~1 wt 
%)

600 ◦C, 60 min, 
N2

/ / / 69~81.2 
VHN (CNT 
0.25 wt%)

314~328 W/ 
mK (CNT 0.25 
wt%)

42.5–44.4 MS/ 
m (CNT 0.25 
wt%)

[62]

Wu et al. 2022 Cu (spherical 
particles 20–60 nm, 
0.2–0.6 μm and 1–2 
μm) + MWCNTs 
(content: 0~1.2 wt 
%)

300 ◦C, 5 MPa, 
30 min, Ar–H2, 
10 mm × 10 
mm

/ 26.64 MPa (0.6 wt 
% MWCNT, 85 % 
H2+15 % Ar)

/ / / 3.571 μΩ cm [63]

Gutierrez 
et al.

2017 Cu (10 μm + 15 
nm) + SiC@Ag 
(0.5–4 wt%)

500 ◦C, 6.5 
MPa, 30 min, 
N2, 2 mm × 2 
mm

/ / / / 52.2 W/mK / [64]

Yang et al. 2025 Cu (300 nm) + Ni- 
OPTG (0.1 wt%)

255 ◦C, 5 MPa, 
30 min, Ar–H2, 
3 mm × 3 mm

/ 56.26 MPa / / 216.2 W/mK / [65]
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materials capable of stable operation at higher temperatures, listed in 
rows 16 to 18 in Table 1. For instance, Siah et al. [43] showed that Cu–Al 
systems formed CuAl2 with low resistivity at 380 ◦C. From these studies, 
it is evident that the introduction of alternative metals, such as Al, Bi, or 
Ni, has expanded the range of achievable properties in Cu-based sys
tems. These efforts have led to notable progress in lowering sintering 
temperatures, improving joint stability, and enhancing performance 
under thermal stress. However, current research remains limited in 
terms of in-depth mechanistic understanding of multi-element alloying 
effects, particularly concerning IMC evolution, thermal fatigue 
behavior, and long-term oxidation resistance in real application 
scenarios.

Furthermore, the incorporation of another metal element into the 
Cu–Sn system represents a promising strategy for enhancing the prop
erties of the material. In the Cu–Sn–Bi system, researchers have 
attempted to reduce the sintering temperature by adding Bi. For 
instance, Min et al. [44] found that the addition of Bi reduced sintering 
temperature and stabilizes joints via Cu3Sn formation. In a separate 
investigation, they explored the use of TLPS technology with Cu and 
Sn–58Bi alloys, successfully achieving Cu–Cu bonding at 220–270 ◦C 
with improved corrosion and thermal resistance. Additionally, Greve 
et al. [45] developed a TLPS paste composed of Ni, Cu, and Sn, which 
demonstrated a higher melting point following low-temperature pro
cessing and exhibited exceptional mechanical properties and fatigue 
resistance in high-temperature environments.

In conclusion, different particle processing parameters, including 
particle size, morphology, mixing ratio, and sintering process, all 

evidently influence the sintering behavior of these Cu-metal particle 
mixed systems. With the development of copper composites doped with 
silver (Cu + Ag), tin (Cu + Sn), and other metallic particles, it demon
strated that the co-sintering technology of copper with other metals not 
only enhanced the performance of electronic packaging materials under 
high-temperature working conditions but also provided new possibil
ities for the development of future high-temperature electronic devices. 
These findings provide valuable data and theoretical support for the 
research of electronic packaging materials, laying a foundation for 
further material optimization and process improvement.

2.1.2. Metal oxide particles
Copper nanoparticles are anticipated to serve as a cost-effective 

alternative to high-lead solder. However, during synthesis and storage, 
copper particles tend to agglomerate and oxidize, which degrades the 
performance of joints formed by conventional sintering. To overcome 
these limitations, researchers have developed an “in-situ reduction sin
tering” approach: copper oxide is first dispersed in the paste, then 
converted to elemental copper via a reduction reaction during sintering. 
This technique not only neutralizes the detrimental effects of surface 
oxides but also enhances interparticle bonding strength and overall joint 
density. For instance, Liu et al. [51] first generated Cu2O by oxidizing 
copper in air at 300 ◦C, then introduced formic acid vapor into the 
sintering furnace to reduce the oxide in-situ according to the reaction: 

Cu2O+HCOOH(g)→ 2Cu+H2O(g) + CO2(g) (1) 

As shown in Fig. 5a and b, joints produced by such in-situ reduction 

Fig. 3. Research progress of Cu–Ag sintering pastes. (a) Copper-Silver Phase Diagram [37]; (b) Cross-sectional SEM–BSE images and depicted porosity values of 
35~100 vol% Ag–Cu pastes bonded with a Si chip and Cu substrate after tube furnace bonding at 250 ◦C for 30 min in an Ar atmosphere [38]; (c) Die shear strength 
of four types of sintering pastes and sintering mechanism illustration of Ag flake - Cu sphere paste. (d) Average shear strength of sintered samples and SEM 
morphology photos of the edge and middle of the A3 and B1 sample [39]. (e) Results of the room-temperature thermal conductivity of the sintered Cu–Ag paste at the 
different sintering temperatures and BSE image of the cross-section of the SiC–Cu joint structure using Cu–Ag paste at 200 ◦C, 250 ◦C, 300 ◦C, and 350 ◦C, 
respectively [23].
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process reached shear strengths up to 30.9 MPa, substantially higher 
than those of conventional high-lead solders, mainly due to the nano- 
textured surfaces of the copper particles. In a similar approach, Yama
giwa et al. [52] used hydrogen as the reducing agent to pressurelessly 
sinter a Cu2O + Cu mixed paste, generating copper nanoparticles 
directly within the joint. The high specific surface energy of these newly 
formed nanoparticles drives them to “bridge” interparticle voids, 
thereby enhancing particle aggregation and sintering and yielding shear 
strengths above 18 MPa. Gao et al. [25] took this concept further by 
ball-milling a composite paste of Cu2O nanoparticles and Cu micropar
ticles (Fig. 4c) and then pressurelessly sintering it. Their study demon
strated that the Cu2O nanoparticles filled the gaps between 
microparticles and reduced in-situ to copper, which densifies the 
bonding layer and achieves an average shear strength of 23 MPa [53].

In addition to CuO/Cu2O–Cu composite paste, Ag2O–Cu composite 
pastes have also proven highly effective. Han et al. [55] prepared a paste 
with a Cu:Ag2O mass ratio of 3:7 and performed in-situ reduction sin
tering under 5 MPa for 30 s and 90 s, achieving shear strengths of 27.8 
MPa and 41.9 MPa, respectively. Microscopic analysis showed that 
gaseous by-products released during Ag2O reduction promote uniform 
densification of the sintered layer, further boosting bond integrity. The 
in-situ reduction of Ag2O follows the reaction: 

5Ag2O+C2H4(OH)2 → 10Ag+ 2CO2 + 3H2O (2) 

Yao et al. [56] highlighted that the reduction temperature, as well as 
the choice of the reducing agent, directly influenced the shear strength 
of the Cu–Cu bonds. Table 2 summarizes the key advantages and dis
advantages of typical reducing agents for sintering Cu-based oxides, 
including hydrogen, formic acid, polyethylene glycol (PEG), glycerol, 
and ascorbic acid (AA), for sintering Cu-based oxides. Although a 

hydrogen atmosphere features a lower activation energy for CuO 
reduction (≈60.7 kJ/mol) [66] than formic acid (≈97.4 kJ/mol) [67], 
with faster kinetics and more complete oxide removal, the extreme 
flammability, explosion risk, and high cost have limited its industrial 
adoption. As a result, formic acid remains the prevailing gas-phase 
reducer despite its higher energy barrier. To mitigate these safety and 
cost concerns, researchers have turned to in-situ liquid-phase reducing 
agents. For example, adding PEG to a Cu/CuO paste enables in-situ 
reduction of CuO to Cu during sintering, yielding joints with excellent 
mechanical integrity [56,58,59]. Zuo et al. [60] further demonstrated 
that glycerol outperforms PEG in reduction efficiency and leaves no 
residual organics, thereby promoting better particle densification. 
Ascorbic acid (AA) offers both self-reducing and self-protecting capa
bilities. Its decomposition products (CO, CH4, and HCOOH) continue to 
reduce metal oxides throughout the sintering process [61].

In summary, in-situ reduction sintering has emerged as a break
through technique for overcoming the oxidation and agglomeration 
challenges of copper nanoparticles, with relevant studies summarized in 
rows 19–30 of Table 1. By combining formic acid or hydrogen reduction, 
mechanical grinding to enhance interparticle bonding, and copper- 
oxide/composite paste strategies, researchers have achieved improve
ments in joint performance, such as shear strength over 45 MPa. How
ever, despite the promising results, current studies remain limited in 
several key aspects, which are critical for further advancing this tech
nique. These include the lack of systematic investigation into reduction 
kinetics, limited understanding of byproduct effects (e.g., gas release 
and porosity formation), and insufficient real-time monitoring of oxide- 
to-metal transformation during sintering. Moreover, most studies rely on 
empirical optimization, while predictive models for reduction efficiency 
and interfacial evolution are still lacking. These gaps highlight the need 

Fig. 4. Research progress of Cu–Sn sintering pastes. (a) Copper-Tin Phase Diagram [41]; (b) Schematic diagram of the microstructure densification in TLP sintering 
and this method. And schematic diagram of the novel TLP bonding totally through capillary action [31]; (c) Shear strength and XRD patterns of the sintered joints of 
Cu–Sn paste with different mass fractions of Sn [42]; (d)Micrographs (backscattered-electron (BSE) images)and shear strength of the joints bonded at different 
temperatures and time [31].
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for deeper mechanistic insight, which is essential for the rational design 
and broader application of in-situ reduction strategies. Although this 
discussion has focused on the in-situ reduction of copper oxides, oxide- 
assisted sintering methods have become integral to hybrid copper-based 
material systems, enabling the fabrication of high-performance sintered 
composites through reinforced interparticle bonds.

2.1.3. Non-metallic fillers
Non-metallic fillers are becoming increasingly prevalent in Cu-based 

composites as a means of enhancing various material properties, such as 
thermal conductivity, mechanical strength, and thermal fatigue resis
tance. Particularly, resin filling, carbon nanotube (CNT) filling, as well 
as Cu-WC and Cu-graphite composites fabricated using the novel spark 
plasma sintering (SPS) process, have been explored as potential 

solutions.
Firstly, epoxy resin has been utilized in various applications, such as 

epoxy solders, underfill materials, and epoxy molding compounds, to 
augment mechanical adhesion and offer protection for filler substances 
in electronic packaging. When incorporated into Cu-based pastes for die- 
attach, epoxy serves as a flexible bridge between rigid particles, 
enhancing joint strength and mitigating crack formation. However, a 
major challenge lies in balancing mechanical reinforcement with ther
mal conductivity retention. For example, Siah et al. [43] demonstrated 
that resin additives not only improved the microstructure and bond 
strength of Cu–Al nanopastes under pressureless sintering at 380 ◦C, but 
also evidently reduced electrical resistivity. Inspired by such studies, 
Hwang et al. [24] formulated hybrid Cu pastes with varying epoxy 
contents (0–15 wt%) and conducted heat-curing treatments. As shown 
in Fig. 6a, adding 10 wt% epoxy improved shear strength to 12.1 MPa 
while maintaining acceptable resistivity, owing to gap-filling effects and 
strengthened filler bonding at lower temperatures and pressures. Simi
larly, Wang et al. [34,39] introduced epoxy into Cu and Cu–Ag sintering 
pastes and evaluated the microstructure and mechanical properties 
using SEM and nanoindentation. The epoxy-modified pastes exhibited 
enhanced gas barrier properties, reduced porosity, and improved 
microstructural homogeneity. In a complementary study, Wang et al. 
[69] employed finite element modeling to predict electrical, thermal, 
and thermomechanical behavior, supported by SEM/EDS image recog
nition, providing valuable insights for process optimization and paste 
formulation.

Secondly, carbon-based materials, including carbon nanotubes, 
graphene, and carbon fibers, are widely utilized in Cu-based composites 
due to their exceptional mechanical strength, electrical conductivity, 
and thermal conductivity. Carbon nanotubes (CNTs), being nano
materials characterized by high strength and modulus, effectively 
enhance the mechanical properties of composite materials. Research 

Fig. 5. Morphological changes and mechanisms of sintering behavior of oxidized copper particles: (a) TEM images of particles of submicron Cu paste heated up to 
200 ◦C, 250 ◦C and 300 ◦C [52]. (b) Schematic diagram of the sintering process of submicron Cu paste [52]. (c) The schematic of the pre-oxidation ORB method 
(Oxidation-Reduction-Bonding method) with a grinding step [25].

Table 2 
Comparisons of various reducing agents in Cu-based CuO/Cu2O/Ag2O sintering.

Reducing agent Advantages Disadvantages Ref.

Formic acid (g) Controllable, eco- 
friendly (products: 
CO2, H2O)

Toxicity, corrosive to 
devices

[25,
51,53,
57]

H2 (g) Impurities-free 
(products: H2O)

Potential explosions, high 
cost

[52]

Polyethylene 
glycol (l)

Low cost, easy to 
prepare

Incomplete evaporation, 
with organic residues 
hindering sintering.

[54,
56,58,
59]

Glycerol (l) Low cost, low 
reduction 
temperature

Limited industrial 
application; longer 
reduction time

[55,
60]

Ascorbic acid 
(l)

Low cost, self- 
protection, without 
biohazards

Limited reductive capacity 
at high oxide 
concentrations

[61]
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conducted by R. Vignesh demonstrates that when used as fillers, CNTs 
can enhance the thermal conductivity and hardness of copper, particu
larly when the concentration is below 1 %, as shown in Fig. 6b [62]. 
These enhancements primarily rely on the diameter and distribution of 
the carbon nanotubes within the copper matrix. Regardless of their 
diameter, the greatest improvements in performance are achieved at a 
CNT concentration of 0.25 wt%, resulting in a thermal conductivity of 
328 W/mK and a hardness of 81.2 ± 2.9 VHN for CNT composites with a 
diameter of 40~60 nm. Similar studies indicate that incorporating 
multi-walled carbon nanotubes (MWCNTs) into a copper matrix effec
tively enhances the tensile strength and stiffness of the material. Wu 
et al. [63] successfully improve the mechanical and electrical properties 
of Cu–Cu joints, particularly the bonding strength and resistivity, by 
introducing functionalized MWCNTs. Furthermore, functionalized 
MWCNTs have a positive impact on joint reliability, attributed to their 
ability to enhance the affinity between copper and carbon nanotubes, 
thereby increasing the bonding layer’s density. Oxygen-containing 
functional groups, particularly carboxyl groups, have been found to 
enhance the interfacial bonding between Cu and CNTs, as reported by 
Park et al. [70]. Wu et al. [63] report an enhancement in shear strength 
from 23.4 MPa to 26.64 MPa through the incorporation of 0.6 wt% 
nitrogen-doped multi-walled carbon nanotubes (N-doped MWCNTs) 

into copper paste. The resistivities of the sintered Cu/N-doped MWCNTs 
layer and the Cu/carboxylated MWCNTs are measured at 2.252 μΩ cm 
and 2.551 μΩ cm, respectively. These values are substantially lower than 
the resistivity of the sintered pure copper layer, which is 3.473 μΩ cm, 
thus indicating superior electrical properties.

Moreover, graphene, a two-dimensional carbon material, has 
garnered considerable attention for its potential application in Cu-based 
composite materials. This interest stems from its high specific surface 
area and exceptional electrical and thermal conductivity. Research has 
indicated that the addition of graphene in small amounts to a copper 
matrix leads to notable improvements in the thermal conductivity and 
oxidation resistance of the composite materials. Additionally, the 
employment of SPS technology enables high-density sintering at lower 
temperatures and shorter durations, thus preserving the original char
acteristics of the filler material. As illustrated in Fig. 6c, optimized SPS 
parameters yielded composites with excellent mechanical strength and 
corrosion resistance, especially in high-temperature applications [32,
68]. Recently, further studies have extended the application scope of 
graphene-based fillers. Wei et al. [71] developed a silver/graphene 
oxide composite using a dual-dispersion medium method, which 
exhibited high thermal and electrical conductivity along with excellent 
mechanical performance. Subsequently, Yang et al. [65] extended it to 

Fig. 6. Research progress of Cu-non-metallic sintering pastes.(a) Schematic diagrams of a hybrid Cu-epoxy paste fabrication process and cross-sectional micro
structure of Cu–Cu joint with x wt% epoxy (x = 0, 5, 10, or 15) [24]; (b) Cu/CNT composite powder having 1 wt% of 40–60 nm CNT embedded in Cu, 20–40 nm CNT 
in Cu matrix, 10–20 nm CNT in Copper matrix, and 10–20 nm CNT with different types of defects obtained from TEM. And hardness and its enhancement, the relative 
density, electrical and thermal conductivity of sintered Cu/CNT composites [62]. (c)Schematics of the graphene formation during the CVD process with copper foil as 
a substrate, the SPS process and copper matrix-graphene layered composites [32,68].
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the preparation of nickel nanoparticle-decorated graphene/copper 
composites and reported enhanced interfacial bonding and heat dissi
pation properties, attributed to the synergistic effect of Ni and graphene 
layers. These results highlight the unique role of graphene in reducing 
porosity, promoting densification, and suppressing nanoparticle 
agglomeration during sintering. Such findings further support the po
tential of graphene as a material with a negative thermal expansion 
coefficient and its derivatives in advancing high-performance sintered 
composites.

In conclusion, non-metallic fillers serve as critical tuning compo
nents in Cu-based sintering systems. The detailed properties of sintered 
materials with different non-metallic fillers are shown in the last 10 rows 
of Table 1. As shown in the table, materials such as epoxy, CNTs, and 
graphene demonstrate excellent compatibility, wettability, and disper
sion behavior, enhancing powder formability and sintered joint density. 
These advantages make non-metallic fillers particularly valuable for 
high-performance electronic packaging under harsh conditions (e.g., 
high temperature, humidity, and corrosive environments). However, the 
diverse effects of different fillers necessitate further optimization of filler 
content, morphology, and sintering parameters. Ongoing research con
tinues to explore their full potential in advancing Cu-based composite 
sintering pastes for next-generation applications.

2.2. Cu@- core-shell particles based composite materials

Composite additives have shown great potential in enhancing the 
performance of Cu-based sintered materials, while challenges such as 
weak interfacial adhesion with materials like silicon carbide, high- 
temperature oxidation, and poor stability in humid or corrosive envi
ronments still persist [72]. Cu-based core-shell structures offer a 

promising solution by uniformly encapsulating copper particles with a 
shell material. Such a core-shell design improves microscale uniformity, 
enhances interfacial bonding, aligns thermal expansion coefficients with 
substrates, and prevents uneven powder distribution and local perfor
mance variability. The low-melting-point shell promotes the formation 
of a transient molten phase during sintering, enabling high-density, 
high-strength sintered bodies at lower temperatures [73], while 
corrosion-resistant shells like nickel or gold protect against oxidation 
and ensure long-term reliability under harsh conditions. By leveraging 
electrochemical principles, the core-shell structure effectively mitigates 
oxidation and chemical corrosion [74], making it well-suited for 
high-performance electronic packaging applications requiring precise 
control over material properties and sintering behaviors.

2.2.1. Synthesis methods of Cu-based core-shell structures
The synthesis of Cu-based core-shell structures is broadly categorized 

into metal coating and non-metal coating approaches. To achieve pre
cise control over particle size, morphology, and shell thickness, re
searchers have developed and refined various synthesis techniques.

2.2.1.1. Metal coating. For metal-coated structures, the primary syn
thesis methods include liquid phase reduction and chemical plating: 

□ Liquid Phase Reduction: Copper core particles are suspended in a so
lution containing metal salts. Reducing agents, such as sodium 
borohydride or ascorbic acid, are employed to deposit a uniform 
metal shell onto the copper cores [75–77], as shown in Fig. 7a. This 
technique is simple, scalable for large-scale production. It also allows 
precise control over shell properties by adjusting parameters such as 
reaction time, temperature, and concentration.

Fig. 7. Schematic diagram of the synthesis method of Cu-based core-shell structure. (a) Liquid phase reduction method. (b) Chemical plating method. (c) Sol-gel 
method. (d) Reverse microemulsion method. (e) Hydrothermal method.
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□ Chemical Plating: This approach relies on an autocatalytic reaction in 
an electroless environment to reduce metal ions, forming a dense and 
uniform shell around the copper core [78–80], as shown in Fig. 7b. 
By tuning variables such as temperature, pH, and reaction duration, 
the shell thickness is finely controlled, providing excellent versatility 
for customized applications.

2.2.1.2. Non-metal coating. For non-metal coatings, commonly 
employed methods include the sol-gel method, reverse microemulsion 
method, and hydrothermal method: 

□ Sol-Gel Method: This method involves transforming a metal oxide 
precursor into a gel through hydrolysis and polycondensation re
actions, resulting in the formation of a non-metallic shell around the 
copper core [81], as shown in Fig. 7c. It is particularly effective for 
producing high-precision, uniform coatings.

□ Reverse Microemulsion Method: Employing surfactants, this method 
creates a controlled microenvironment consisting of oil and water 
phases, as shown in Fig. 7d. The confined environment facilitates the 
hydrolysis and polycondensation of silicon precursors, enabling the 
formation of a uniform shell around the copper core [82].

□ Hydrothermal Method: Conducted under high-temperature and high- 
pressure conditions, this method produces high-quality non-metallic 

shells with crystalline structures around copper cores, as shown in 
Fig. 7e. The approach is known for its rapid reaction rates and 
product quality [83–85].

Through continuous development and optimization of these syn
thesis methods, precise control over the dimensional, morphological, 
and compositional properties of Cu-based core-shell structures has been 
achieved to meet the stringent demands of high temperature and high 
reliability applications.

2.2.2. Research progress
Research on Cu-based core-shell structures has been developed 

during the past years. Early studies on low-temperature connection 
technologies showed that critical parameters in chip mounting materials 
include thermal stability, interface bonding, and long-term reliability. 
Early studies focused on low-melting-point shells, such as Sn, to enable 
low-temperature sintering. Li et al. [86] prepared Cu@Sn particles via 
electroplating, where the Sn shell reacted with the Cu core to form 
high-melting-point Cu-Sn IMCs. Reflow at 250 ◦C produced shear 
strengths of 29.35 MPa and 18.78 MPa after aging at 400 ◦C and 500 ◦C, 
respectively (Fig. 8a).

To enhance the mechanical strength and stability of Cu@Sn sintered 
materials, Chen et al. [27] incorporated SAC305 into the Cu@Sn 

Fig. 8. Research progress of Cu-based core-shell structure sintering pastes. (a) The morphology of Cu particles before and after electroless tin plating and the 
microstructure of Cu@Sn core-shell structure [86]. (b) Schematic diagram of Cu@Sn with SAC at 250 ◦C reflux and 300 ◦C aging [27]. (c) Schematic diagram of 
silica-coated copper powder with different silica contents prepared by the sol-gel method, sheet resistance, and microstructure [87]. (d) Schematic representation of 
the microstructural evolution of sintered joints obtained by ultrasonic-assisted sintering (UAS) and hot pressing sintering (TCS), and the variation of shear strength 
with temperature, with insets showing comparison with recent reports in this field [26]. (e) The sintering evolution of Cu@Ag pastes [91]. (f) Hardness and shear 
strength of Cu@Ag MNPs paste sintered with ethylene glycol, α-terpineol, and PEG-400 at different sintering temperatures for 20 min [92]. (g) Macro and Micro 
sintering mechanism of Cu@Ag nano paste [93]. (h) Shear strength of bondlines containing initial and surface-modified submicron Cu@Ag particles with different Ag 
content after sintering at 250 ◦C with N2 blowing as a function of bonding time [94].
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structure, achieving shear strengths exceeding 60 MPa after aging at 
300 ◦C for 800 h (Fig. 8b). The Sn shell protected the Cu core from 
oxidation and CuO loss during reflow. However, Sn’s susceptibility to 
oxidation and corrosion in humid or corrosive environments compro
mised the long-term reliability of the joints.

To address these limitations, researchers explored coatings with su
perior chemical stability, high-temperature endurance, and corrosion 
resistance, such as silicon dioxide (SiO2) and nickel (Ni). Yang et al. [87] 
employed the sol-gel method to synthesize silica-coated copper pow
ders, achieving excellent bonding properties and chemical stability 
(Fig. 8c). However, silica’s poor thermal and electrical conductivity 
limited overall performance. Choi et al. [88] reported Cu@Ni core-shell 
nanoparticles that retained high electrical conductivity and stability 
under extreme conditions of temperature and humidity. Although it 
improves oxidation resistance, nickel’s thermal (~90 W/mK) and elec
trical conductivity (~14.3 × 106 S m− 1) are far lower than those of 
copper (~400 W/mK). Therefore, the formation of intermetallic com
pounds between nickel and copper at elevated temperatures may result 
in joint embrittlement and diminished reliability.

Building on the success of commercially applied low-temperature 
sintering silver paste, current research has turned to Cu@Ag core-shell 
structures for enhanced thermal/electrical conductivity, reliability, 
and cost-effectiveness. Ji et al. [26] reported shear strengths of 54.27 
MPa at temperatures as low as 160 ◦C using ultrasonic-assisted sintering 
(Fig. 8d). Similarly, Lee et al. [89] explored rapid sintering of Cu@Ag 
particles in air, achieving shear strengths of 20~24 MPa at 350 ◦C under 
pressures of 5~10 MPa. To improve sintered layer density and con
ductivity, dual-sized nano/micro-Cu@Ag pastes demonstrated shear 
strengths exceeding 20 MPa under low-temperature rapid sintering 
conditions. While strides have been made in material synthesis and 
performance, a deeper understanding of the sintering mechanisms for 
new materials like Cu@Ag is still in its infancy. Wang et al. [90] 
employed finite element simulations to model Cu@Ag sintering, estab
lishing a mathematical relationship between porosity, thermal conduc
tivity, and sintering parameters. Experimental validation with Cu@Ag 
pastes confirmed the accuracy of the model, offering insights into sin
tering mechanisms. Further research of Cu@Ag sintering materials by 
Chen et al. [91] and Zhou et al. [92] examined the influence of organic 
solvents on Cu@Ag paste properties. Chen’s analysis has not only 
focused on the influence of material structure on performance, but also 
on how organic solvents used during the paste preparation affect the 
final outcomes, as shown in Fig. 8e. Zhou’s analysis of three solvents 
(Fig. 8f), including ethylene glycol, pinacol, and PEG-400, revealed that 
PEG-400, with its optimal boiling point and viscosity, produced superior 
sintered films, achieving a resistivity of 43.82 μΩ cm, a hardness of 61.3 
HV, and shear strength of 20.14 MPa. Additionally, flake-shaped Cu@Ag 
particles synthesized using a pine alcohol-PEG formulation exhibited 
denser microstructures. These samples achieved a shear strength of 
36.15 MPa, which is approximately 20 % higher than that of spherical 
particles. Moreover, they demonstrated enhanced creep resistance 
under high-temperature conditions.

Recent research has addressed the dewetting behavior of silver layers 
of Cu@Ag particles, which exposes internal copper to oxidation, 
reducing joint strength. Wen et al. [93] used nanoscale Cu@Ag pastes 
with low-boiling-point solvents, achieving fully dense sintered joints at 
300 ◦C. Despite its effectiveness, the complexity and cost of nanoparticle 
synthesis remain challenges (Fig. 8g). Lee et al. [94] introduced a sur
face modification approach using stearic acid to suppress silver dewet
ting, achieving shear strengths of 17.56 MPa at 250 ◦C under 10 MPa 
pressure, a significant improvement over unmodified joints (11.67 
MPa), as shown in Fig. 8h. Additionally, air thermogravimetric testing 
confirmed the efficacy of this surface modification in preventing internal 
copper oxidation and suppressing silver dewetting.

To further enhance sintering performance, researchers are now 
exploring multi-layer coatings such as Cu@Sn@Ag [95] and Cu@In@Ag 
[96]. These structures addressed single-layer limitations by providing 

improved mechanical strength, thermal conductivity, and environ
mental stability, paving the way for advanced applications in 
high-performance electronic packaging.

In addition to conventional metal shell structures, recent studies 
have demonstrated that organic molecular coatings can also provide 
effective oxidation resistance. For example, imidazole-based compounds 
have been shown to form robust surface layers on copper nanoparticles, 
significantly enhancing their antioxidant capacity and storage stability 
without compromising sinterability. These organic-coated Cu particles 
can serve as low-cost, environmentally friendly alternatives to Ag- or Sn- 
coated systems, especially in applications requiring long-term shelf life 
and simplified processing conditions [97,98].

The sintering performance of representative Cu-based core-shell 
structures is summarized in Table 3, highlighting that pressure-assisted 
sintering remains the dominant method. Innovative techniques, 
including ultrasonic-assisted and laser pulse sintering, have also 
emerged, demonstrating exceptional shear strength, conductivity, and 
reliability.

2.3. Cu-based alloy composite materials

Copper core-shell structures have improved copper’s stability in at
mospheric conditions and mitigated its tendency for spontaneous 
oxidation. However, practical applications are still hindered by limita
tions in manufacturing processes and cost-effectiveness. Furthermore, 
repeated thermal cycling, which is common in power devices, causes a 
radial gradient in thermal stress distribution within core-shell struc
tures, leading to performance degradation. To meet the strict re
quirements for uniform stress distribution in the sintered layer, Cu-based 
alloy composite sintering pastes have emerged as a promising alterna
tive to address these challenges.

Currently, Cu-based alloy materials are primarily synthesized 
through liquid-phase reduction or dual-beam pulsed laser deposition 
[102]. Fig. 9 outlines the preparation principles and operational pro
cedures for these two methods. The sintering properties of representa
tive Cu-based alloy pastes are summarized in Table 4, with Ag–Cu and 
Sn–Cu alloys being the primary focus of current researches. Beyond the 
choice of alloy materials, ongoing studies emphasize optimizing sinter
ing parameters such as temperature, pressure, atmosphere, and particle 
size.

Alloying strategies modify the properties of base metals while 
retaining the inherent benefits to gain better thermal and electrical 
conductivity, lower production costs, and higher resistance to electro
chemical migration. Besides, introducing alloying elements enhances 
mechanical properties, corrosion resistance, and oxidation tolerance, 
enabling sintering at relatively lower temperatures. For example, Zhang 
et al. [103] pioneered the use of copper-silver alloy nanoparticles syn
thesized via glucose chemical reduction. The nanoparticles exhibited no 
detectable signs of oxidation during sintering in air. The resultant paste 
demonstrated excellent electrochemical migration resistance and me
chanical properties, achieving a maximum shear strength of 35 MPa. 
Similarly, Liu et al. [104] developed a copper-silver composite nano
particle paste for low-temperature bonding. At sintering temperatures of 
225 ◦C and 250 ◦C, shear strengths of 18.9 MPa and 22.8 MPa were 
achieved, respectively (Fig. 10a).

However, the sintering temperature remained notably higher 
compared to pure silver pastes, posing challenges for low-temperature 
solidification. To address this issue, Zhou et al. [105] synthesized 
Ag–Cu alloy nanoparticles via polyol chemical reduction, which main
tained oxidation resistance up to 350 ◦C in air. Notably, sintering at 
160 ◦C resulted in a shear strength of 50 MPa (Fig. 10b), marking a step 
toward achieving low-temperature bonding. Copper-silver alloy mate
rials are also promising in printed electronics applications, particularly 
for flexible and wearable devices where low-temperature sintering is 
required. Zhong et al. [106] developed compositionally controllable 
Cu–Ag nanoparticles and formulated stable nano-inks, enabling 
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room-temperature sintering on paper substrates. This advancement 
supports the development of flexible printed electronics and 
room-temperature sintering technologies. Cu3Sn IMCs offer superior 
oxidation resistance, higher melting points, and lower raw material costs 
compared to Ag, making copper-tin alloys highly attractive for research. 
Wang et al. [107] reported a copper-tin alloy paste capable of air sin
tering, producing joints with shear strengths comparable to those sin
tered under vacuum conditions. By employing dual-size metal particles, 
a bonding strength of 40 MPa was available, outperforming traditional 
Sn-based solder joints (19 MPa) and all-Cu6Sn5 joints (17.7 MPa), as 
shown in Fig. 10c. Despite the successful preparation of Cu3Sn particles, 
the sintering temperature remained elevated at 300 ◦C. To address this 
challenge, Dimitrov et al. [108] developed polytin-coated nanoporous 
copper (np-Cu). This highly active material enabled the formation of 
dense Cu3Sn alloy films at temperatures as low as 200 ◦C, suitable for 
low-temperature bonding.

In summary, the adoption of Cu-based alloy strategies represents an 
advancement in microelectronics packaging. Ongoing research focuses 
on optimizing synthesis methods for scalability and cost-effectiveness, 
further reducing sintering temperatures, and enhancing performance 
through controlled alloy composition and morphology. In particular, 
precise and customizable adjustments to the alloy structure are critical 
for meeting the diverse requirements of modern applications.

2.4. Further systematic overview

In the previous review, we systematically assessed the performance 
of various types of Cu-based sintered materials, including mechanically 
blended powders, core-shell structures, and alloyed systems. It was 
found that the final properties of these composites were collectively 
governed by multiple factors, such as filler composition and architec
ture, particle morphology, and sintering process parameters. Among the 
reported performance indicators, shear strength remains the most 
extensively studied metric, while data on thermal and electrical con
ductivity are relatively scarce, particularly for Cu-based core-shell and 
alloyed systems. In contrast, studies on modulus and hardness are even 
more limited, often exhibiting substantial variation depending on the 
testing methodology. For instance, Hou et al. [57] highlighted regional 
inconsistencies in nanoindentation results, underscoring the urgent need 
for standardized characterization protocols. To address these gaps, 
future research should prioritize the unification of mechanical and 
functional property evaluation standards, enabling a comprehensive and 
reliable comparison of Cu-based sintered joints across different com
posite systems.

To provide a comparative overview, the performance of Cu-based 
sintered pastes was further summarized under different composite 
strategies, using three widely adopted indicators including shear 
strength, thermal conductivity, and electrical conductivity, as illustrated 
in Fig. 11.

For metal particle mixtures, core-shell structures, and alloyed pastes, 

Table 3 
Summary of preparation methods and properties of Cu-based core-shell structures composite sintered materials.

Authors Year Materials Processing Porosity Properties of the sintered joints Ref.

Shear Strength Elastic 
Modulus

Hardness Thermal 
Conductivity

Electrical 
Conductivity

Li et al. 2016 Cu@Sn (20–30 μm) 250 ◦C, 20/40 min, 4 
mm × 7 mm

/ 29.35 MPa 
(400 ◦C); 
18.78 MPa (500 ◦C)

/ / / / [86]

Jung 
et al.

2020 Cu@Sn (2 and 7 μm) 300 ◦C, 15 MPa, 30 
min, 3 mm × 3 mm

/ 40 MPa (2 μm); 
50 MPa (7 μm)

/ / / / [99]

Chen 
et al.

2022 Cu@Sn (3–5 μm), 
SAC305

250 ◦C, 1 MPa, 30 
min, 5 mm × 5 mm

/ 46.7 MPa (25 ◦C); 
63.2 MPa (300 ◦C)

/ / / / [27]

Choi 
et al.

2018 Cu@Ni (56.3/146.8 
nm)

Intense Pulsed Light 
Sintering, 0.25–3.41 
J cm− 2

/ / / / / 52 μΩ cm [88]

Yang 
et al.

2017 Cu@SiO2 (1.5–3 μm) 910 ◦C, N2, 60 min, 
9 mm × 9 mm

/ / / / / 6 mΩ cm [87]

Wu 
et al.

2023 Cu@Cu(I) (50/80/ 
150/200 nm)

250 ◦C, 50/50/120/ 
120 s, 5 mm × 5 mm

/ / / / / 4.5/4.5/5.55/ 
11.1 mΩ cm

[74]

Ji et al. 2018 Cu@Ag (70 nm) 150/160180 ◦C, 0.2 
MPa, 35 kHz, 10 s, 
230 W

/ 11.9/20.0/54.3 
MPa

/ / / / [26]

Kim 
et al.

2021 Cu@Ag (1.6–1.7 μm) Intense Pulsed Light 
Sintering, 9–13 J 
cm− 2

/ / / / / 15.18 μΩ cm [100]

Lee 
et al.

2022 Cu@Ag (1.5 μm/ 
200 nm)

300 ◦C, 5 MPa, 10 
min, 3 mm × 3 mm

/ 45 MPa / / / / [89]

Zhou 
et al.

2023 Cu@Ag (1.5 μm/ 
200 nm)

200/250/300 ◦C, 20 
min

/ 12.36 MPa, 
(200 ◦C); 16.83 
MPa (250 ◦C); 
20.14 MPa (300 ◦C)

8.1 GPa 61.3 HV / 43.82 μΩ cm [92]

Chen 
et al.

2023 S Cu@Ag (1–2 μm)/ 
F Cu@Ag (1–2 μm)

250 ◦C, 20 MPa, 600 
s, N2, 2 mm × 2 mm

/ 30.31/36.15 MPa 53/59 
GPa

0.65/ 
1.75 GPa

/ / [91]

Won 
et al.

2023 Cu@Ag (1.1 μm) 250 ◦C, 9 MPa, N2, 3 
mm × 3 mm

/ 16.9 MPa / / / / [101]

Wen 
et al.

2024 Cu@Ag (30 nm) 180/200/250/ 
300 ◦C, 10 MPa, 5/ 
10/30/60 min, 5 mm 
× 5 mm

/ <5/10/17.3 MPa / / / / [93]

Lee 
et al.

2024 Cu@Ag (1.1 μm) 250 ◦C, 10 MPa, 10 
min, 3 mm × 3 mm

/ 20.41 MPa / / / / [94]

Zhang 
et al.

2023 Cu@Imidazole- 
Compound 
(200–600 nm)

300 ◦C, 2 MPa, 30 
min, Ar–H2, 4 mm ×
4 mm

/ 20~32.5 MPa / / / 4.86–14.7 μΩ 
cm

[97]
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the intrinsic high conductivity of metallic constituents ensures superior 
thermal and electrical performance. In contrast, non-metallic fillers are 
primarily introduced to lower the activation energy for copper particle 

bonding, thereby promoting densification at reduced temperatures. 
These fillers also enhance the mechanical robustness and creep resis
tance of the sintered layer.

Fig. 9. Schematic diagram of Cu-based alloy material synthesis: (a) Liquid phase reduction and (b) dual-beam pulsed laser deposition method.

Table 4 
Summary of preparation methods and properties of Cu-based alloy composite sintered materials.

Authors Year Materials Processing Porosity Properties of the sintered joints Ref.

Shear 
Strength

Elastic 
Modulus

Hardness Thermal 
Conductivity

Electrical 
Conductivity

Zhang 
et al.

2015 Ag–Cu 
(20–50 nm)

180/200/250/300/350 ◦C, 100 min, 
2 MPa, discs with diameters of 6 mm 
and 10 mm, and a height of 5 mm

/ 33 MPa 
(300 ◦C)

/ / / / [103]

Liu et al. 2019 Ag–Cu (9 
nm)

175/200/225/250 ◦C, 5 MPa, 30 
min, Ar

/ 18.9 MPa 
(225 ◦C); 
22.8 MPa 
(250 ◦C)

/ / / / [104]

Zhou 
et al.

2019 Ag–Cu (60 
nm)

160 ◦C / 50 MPa / / / / [105]

Guo 
et al.

2024 Ag–Cu 
(100–300 
nm)

300 ◦C, 20 MPa, 30 min, 
Formic acid

10.8 % / / / / / [102]

Wang 
et al.

2022 Sn–Cu (55/ 
120 nm)

260/280/300/320 ◦C, 10 MPa, 10 
min, 
5 mm × 5 mm

/ 40.4 MPa / / / 29.1 μΩ cm [107]
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Among metallic additives, Sn and Ag are most commonly employed. 
Sn facilitates better wettability between Cu and the substrate or chip, 
and supports low-temperature sintering. However, its tendency to 
oxidize and form brittle interfacial phases through complex reactions 
can undermine interfacial strength. Ag, in comparison, offers superior 
oxidation resistance and thermal performance, while retaining the ad
vantages of Sn, making it particularly suitable for applications with 
stringent requirements on heat dissipation, electrical performance, and 
reliability, such as power module packaging, RF devices, and high- 
temperature electronics. Metal oxides such as AgO, CuO, and Cu2O 
also exhibit promising capabilities in improving thermal stability and 
mitigating oxidation in Cu pastes. Their incorporation has been shown 
to enhance the long-term thermal reliability of sintered joints, which is 
essential for electronic devices operating in harsh environments.

In addition, non-metallic fillers such as epoxy resin have demon
strated excellent adhesion and mechanical reinforcement, striking a 
favorable balance between structural strength and thermal perfor
mance. Carbon-based nanofillers, including carbon nanotubes (CNTs) 
and graphene, offer remarkable enhancements in hardness and thermal 
conductivity even at low loadings. These fillers provide tunable per
formance benefits, enabling compositional and structural tailoring of the 
composite to match specific application scenarios.

To further understand the origins of performance variation among 
Cu-based composite sintered materials, it is essential to examine the 
interplay between material design and processing parameters. As illus
trated in Fig. 12, the overall performance of these materials is intricately 
influenced by multiple factors, including particle morphology, com
posite architecture, component ratios, and sintering conditions. 
Notably, composite pastes with multi-scale or hierarchical structures 
often undergo distinct sintering mechanisms, which in turn affect the 
formation of microstructures and ultimately determine joint integrity 

and thermal/electrical behavior. Among all processing variables, sin
tering temperature, pressure, and duration play particularly pivotal 
roles in controlling densification, interfacial bonding, and microstruc
tural evolution. Proper optimization of these parameters has been shown 
to effectively reduce porosity, enhance hardness and elastic modulus, 
and improve both thermal and electrical conductivity, thereby enabling 
a more reliable and high-performance packaging solution.

Looking ahead, future research should emphasize multi-parameter 
optimization strategies to achieve balanced improvements across me
chanical, thermal, and electrical domains. This includes the refinement 
of metallic particle structure and composition, the selection and 
proportioning of solvents and fillers, and the precise control of sintering 
conditions. Ultimately, these efforts will contribute to the development 
of high-performance Cu-based composite materials with enhanced reli
ability, tailored for next-generation electronic packaging applications.

3. Reliability analysis

Reliability is crucial for power electronic packaging applications. 
This section explores the reliability aspects of Cu-based sintered mate
rials, focusing on high-temperature storage, thermal cycling, corrosion, 
and electrochemical migration. The discussion highlights key challenges 
and solutions to ensure the effective application of Cu-based sintered 
joints in electronic packaging under harsh conditions.

3.1. High-temperature storage test

The high-temperature storage (HTS) test is a vital reliability assess
ment for Cu-based sintered materials in power electronics, particularly 
for applications exposed to prolonged high-temperature conditions. 
Stability under sustained thermal stress is crucial for maintaining 

Fig. 10. Research progress of Cu-based alloy sintering pastes. (a) Morphology, size distribution and composition of Cu–Ag alloy nanoparticles [104]. (b) Morphology 
and element content distribution of Ag–Cu alloy nanoparticles [105]. (c) Schematic diagram of the synthesis and sintering process of coral-shaped nano Cu3Sn, and 
comparison of shear strength and high-temperature aging resistance of joints sintered at different sintering atmosphere temperatures [107].
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Fig. 11. Comparison of mechanical and thermoelectric properties of different copper-based composite sintered materials: (a) copper-silver blend; (b) copper-tin 
blend; (c) copper and oxide blend; (d) copper and non-metallic filler blend; (e) copper core-shell structure; (f) copper-based alloy.
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performance and reliability in applications such as electric vehicles, 
power modules, and high-frequency devices. HTS testing evaluates the 
effects of thermal stress on mechanical properties, such as shear 
strength, and identifies potential failure mechanisms, including grain 
growth, oxidation, and phase transformations.

3.1.1. Cu–Ag system
Cu–Ag composites, including both blended and core-shell structures, 

demonstrated strong resistance to oxidation and relatively stable me
chanical properties during HTS testing. The Cu–Ag blended joints 
exhibited an increase in shear strength from 51.7 MPa to approximately 
82 MPa after 400 h at 250 ◦C in air [39]. This improvement was 
attributed to the presence of silver, which played a critical role in 
mitigating oxidation and improving bonding strength compared to pure 
copper joints. For Cu@Ag core-shell structures, the shear strength of 
Cu@Ag sintered joints increased from 30.3 MPa to around 62 MPa, 
suggesting that the silver shell provided an effective barrier against 
oxidation, thereby improving the mechanical integrity of the joints, as 
exhibited in Fig. 14a [91]. Both Cu–Ag blended and core-shell com
posites displayed significant potential for high-temperature applications 
due to their enhanced thermal properties and resistance to oxidation.

3.1.2. Cu–Sn system
Cu–Sn systems, including both blended and core-shell structures, 

showed complex behavior under HTS conditions due to the formation of 
IMCs. During HTS testing, the formation of IMCs such as Cu6Sn5 and 
Cu3Sn was observed, which played a dual role. On one hand, these IMCs 
contributed to structural stability by reducing Kirkendall void forma
tion, thereby enhancing shear strength retention over extended thermal 
exposure. For example, Cu–Sn composites sintered joints reported by 
Lang et al. initially had a shear strength of approximately 40 MPa, which 
increased to around 50 MPa after 1800 h at 300 ◦C in air, highlighting 
the potential for these IMCs to reinforce joint performance over 
extended periods [41]. On the other hand, excessive IMC growth can 
lead to mechanical degradation. Composite sintered joints fabricated 
using Cu and Sn-based alloys have shown a noticeable reduction in shear 

strength after prolonged HTS, particularly under moderate thermal 
conditions (e.g., 150 ◦C in air for 500 h), as shown in Fig. 14b [50]. 
Similarly, Cu–Sn core-shell structures presented a reduction in shear 
strength from 25.4 MPa to 20.14 MPa after storing Cu–Sn joints at 
300 ◦C for 1200 h in air, attributing the reduction to excessive IMC 
growth and oxidation of the joint surface, as illustrated in Fig. 14c [27]. 
These findings underscore the importance of regulating IMC evolution to 
ensure the mechanical reliability of Cu–Sn sintered systems under 
high-temperature operating conditions, regardless of whether the 
microstructure follows a blended or core-shell configuration.

3.1.3. Cu-oxide system
Copper combined with oxide fillers demonstrated specific advan

tages and challenges under HTS conditions. For example, a pressureless 
Cu–Cu bonding was developed using preoxidized Cu microparticles 
sintered in a formic-acid atmosphere, leading to the formation of a Cu2O 
layer on the Cu microparticles, which initially contributed to effective 
bonding by reducing interfacial voids and promoting a dense structure 
[53]. However, during prolonged thermal aging at 200 ◦C over 1000 h, 
the shear strength markedly decreased from approximately 27.5 
MPa–~0 MPa, indicating severe oxidation and mechanical degradation, 
as exhibited in Fig. 14d. In another study, Cu2O nanoparticles, along 
with PEG as a reducing agent, were used to improve the antioxidative 
performance of sintered Cu joints [59]. The presence of PEG played a 
role in reducing the Cu2O and controlling the formation of the oxide 
layer, which contributed to maintaining mechanical strength during 
thermal aging at 250 ◦C for 1000 h, with shear strength increasing from 
approximately 35 MPa–50 MPa. This method effectively mitigated 
oxidation-induced degradation and enhanced the long-term stability of 
the Cu-oxide composites.

3.1.4. Other systems
Other Cu-based composites, including those incorporating epoxy and 

CNTs, have also been investigated for their performance under HTS 
conditions. The inclusion of CNTs in Cu-based sintered joints has proven 
beneficial for thermal stability. Cu-CNT joints maintained a shear 

Fig. 12. Key factors that influence the properties of sintered materials.
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strength of 26.64 MPa after HTS at 250 ◦C for 168 h, with only a slight 
reduction to 25.14 MPa [63]. The CNTs provided reinforcement by 
inhibiting crack propagation and enhancing thermal conductivity, 
which mitigated thermal stress and degradation, thereby improving the 
stability of the sintered joints under prolonged high-temperature expo
sure. The CNTs provided structural reinforcement, mitigating the 
degradation associated with prolonged high-temperature exposure and 
enhancing the mechanical stability of the sintered joints. Epoxy-based 
copper composites were also studied for their HTS performance. A 
reduction in shear strength from 12.1 MPa to 10.46 MPa was observed 
after HTS at 175 ◦C for 72 h in air [24]. The epoxy served as an effective 
oxidation barrier, protecting the copper fillers and providing a certain 
degree of joint stability. Further investigations demonstrated that the 
incorporation of epoxy resin into Cu–Ag sintered joints could effectively 
enhance their HTS reliability. Specifically, the Cu–Ag-epoxy composite 
maintained a relatively high shear strength of 48.54 MPa, which 
increased to approximately 95 MPa after 400 h at 250 ◦C in air [39]. This 
improvement is attributed to the epoxy resin functioning as a 
pore-filling agent, thereby reducing oxidation and enhancing joint sta
bility, as illustrated in Fig. 14e. Nevertheless, the limited thermal sta
bility of epoxy materials constrains their use in extremely 
high-temperature environments.

The summarized results from these studies, as shown in Fig. 13 and 
Table 5, highlight the effects of different fillers, sintering processes, and 
HTS testing conditions on the long-term high-temperature stability 
performance of copper-based composite sintered joints. Composite sin
tered materials prepared from Cu–Ag direct blending and Cu@Ag core- 
shell particles have shown considerable promise for high-temperature 
applications due to their excellent oxidation resistance and retention 
of mechanical properties. Meanwhile, Cu–Sn systems, especially those 
with optimized IMC formation, also displayed good performance. Cu 

and oxide systems, such as joint samples involving Cu2O, showed po
tential for enhanced bonding and antioxidative stability, while chal
lenges remained regarding prolonged exposure to HTS. Composites 
involving epoxy and CNTs provided additional reinforcement, though 
the application of epoxy was limited by the thermal stability. Future 
research should focus on optimizing filler composition, sintering pa
rameters, and protective strategies to further improve the high- 
temperature reliability of these materials for power electronic pack
aging applications. Specifically, strategies such as oxidation-resistant 
coatings, encapsulants, and optimized sintering parameters, including 
temperature ramping rates and pressure adjustments, have shown po
tential in the reviewed literature. These approaches effectively minimize 
void formation, regulate IMCs’ growth, and enhance bonding stability, 
thereby improving device performance under high-temperature 
conditions.

3.2. Thermal cycling test

Thermal cycling is a critical reliability test that assesses the dura
bility of Cu-based composite sintered materials under fluctuating tem
perature conditions, particularly relevant for electronic applications 
exposed to harsh thermal environments. Thermal cycling leads to the 
development of thermal stress, primarily due to the mismatch in the CTE 
between different materials. Such phenomena may result in delamina
tion, microcracking, and mechanical failure in sintered joints.

The results of thermal cycling tests from various studies illustrate the 
differences in reliability performance across different Cu-based sintered 
materials, as summarized in Fig. 15 and Table 6. For instance, Cu–Ag 
sintered joints have shown strong retention of shear strength after 450 
cycles between − 55 ◦C and 150 ◦C, maintaining an average shear 
strength of 25 MPa with minimal variation throughout the cycling 

Fig. 13. Summary of shear strength changes of Cu-based composite sintered joints after HTS tests.
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process [39]. This reliability has been attributed to the incorporation of 
epoxy resin, which helps fill microvoids and mitigate oxidation effects 
during thermal cycling. In another case, Cu–Sn die-attach materials used 
in SiC power modules demonstrated stable performance after 1000 
thermal cycles between − 40 ◦C and 250 ◦C, with the average shear 
strength remaining around 40 MPa [49]. These results emphasize the 
high reliability of Cu–Sn TLPS pastes in maintaining joint integrity 
under extreme temperature variations. By contrast, Cu–Cu bonding 
based on preoxidized Cu microparticles showed some degradation in 
shear strength after cycling between − 40 ◦C and 200 ◦C, despite similar 
microstructural features before and after testing [53]. This reduction in 
performance was primarily caused by the mismatch in the CTE between 
Cu and the Cu2O phase formed during processing. The brittle nature of 
Cu2O created crack initiation sites, which contributed to mechanical 
degradation during thermal cycling, as illustrated in Fig. 16a and b. 
Among the compared systems, Cu–Sn TLPS joints exhibited higher 
reliability under thermal cycling compared to Cu–Cu joints, which were 
prone to oxidation-related failure. Meanwhile, Cu–Ag composites 
demonstrated excellent resilience, aided by epoxy additives that helped 
suppress oxidation and minimize porosity-related mechanical 
degradation.

These findings collectively highlight the importance of material se
lection, microstructure optimization, and the incorporation of additives 
in enhancing the thermal cycling reliability of sintered Cu-based mate
rials used in power electronics. By understanding the failure modes and 
addressing the challenges posed by CTE mismatches, meaningful 

improvements in the long-term reliability of these materials can be 
realized.

3.3. Corrosion test

With the ongoing development of marine resources, new energy 
applications such as offshore wind power, photovoltaics, and salinity- 
gradient power generation impose increasingly stringent requirements 
on-chip interconnect materials. Under complex service environments 
characterized by high humidity, high salinity, and corrosive substances, 
the corrosion-induced degradation of metal interconnect layers is 
greatly accelerated, leading to irreversible damage to device perfor
mance and reliability. Therefore, investigating and enhancing the ser
vice performance of chip interconnect materials in such harsh conditions 
is crucial for ensuring the reliability of power devices.

Early studies on the corrosion behavior of sintered materials in high- 
humidity and high-salinity environments have shown that material 
porosity plays a critical role in corrosion processes. For example, Kol
binger et al. [109] conducted electrochemical measurements to explore 
the relationship between the porosity of sintered silver and its corrosion 
behavior in artificial seawater. The results indicated that the open-pore 
structure had a pronounced impact on corrosion behavior, allowing the 
electrolyte to penetrate deeper, thereby initiating corrosion processes 
within the material, as shown in Fig. 17a. Reducing porosity was found 
to effectively decrease corrosion affinity and mitigate the depth of 
corrosion. Further research into the mechanical behavior of sintered 

Fig. 14. (a) SCu@Ag and FCu@Ag SEM images and EDS mapping of sintered joints after 400 h aging [91];(b) Schematic diagram of TLPS SC10 solder paste on Cu 
substrate during soldering, liquid Sn (liquid phase) difuse into the Cu particles (solid phase) forming another solid phase (ε), the formation of another Cu6Sn5 
intermetallic phase and d the ε phase needed to reach to the liquid Sn for the reaction to continue [50];(c) SEM images (SED) of shear fracture surface for the Cu@Sn 
sample aging 1200 h at 300 ◦C [27];(d) Cross-sectional SEM images of Cu–Cu bonding specimens after 72 h of aging, and 336 h of aging [53];(e) Local SEM photos 
and schematic diagram of the aging mechanism of the Cu–Ag joints section after 400 h HST, fabricated with and without epoxy [39].
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silver joints with varying porosity after seawater exposure revealed that 
corrosion filled the sintered pores with silver chloride, thereby 
increasing Young’s modulus and indentation hardness in high-porosity 
samples, as shown in Fig. 17b. However, despite these improvements 
in mechanical properties, corrosion also created crack-prone areas along 
the edges of the sintered silver layer, compromising overall structural 
stability and reliability [110]. Similar relationships between porosity 
and corrosion behavior were also observed in sintered copper. Kotadia 
et al. [111] found that copper sintered at higher densities (i.e., lower 
porosity) exhibited better corrosion resistance in saltwater environ
ments. Compared with pure copper and pure silver joints, Cu–Ag 

composite joints represent a compromise strategy that capitalizes on the 
advantages of both metals. Nevertheless, the potential difference be
tween copper and silver can lead to galvanic corrosion, especially under 
humid conditions, thereby resulting in rapid device failure. To address 
this issue, Liu et al. [112] developed a thermodynamic–kinetic model to 
predict galvanic corrosion processes in Cu–Ag composite sintered ma
terials, which they validated through in-situ electrochemical measure
ments in simulated seawater using different Cu–Ag particle sizes and 
solvent systems. Besides Cu–Ag sintered materials, other copper-based 
composite sintered materials encounter similar issues. Jung et al. [44] 
studied traditional intermetallic compound junctions in saltwater envi
ronments. They found that the Sn phase could not withstand salt spray 
conditions, resulting in the formation of compounds such as Sn3O 
(OH)2Cl2. Moreover, interactions between residual Sn and Cu at high 
temperatures led to the formation of Kirkendall voids, which further 
reduced joint reliability. TLP with Cu and Sn-58 wt% Bi was reported to 
mitigate these issues. Salt spray tests in 5 % NaCl at 35 ◦C for 24, 48, and 
96 h showed that forming Cu3Sn intermetallic compounds enhanced 
corrosion resistance, thereby improving electrochemical and thermal 
bonding reliability.

In addition to high-salinity environments, corrosive gases such as 
sulfides pose challenges to chip interconnect materials. Fan et al. [113] 
conducted a comprehensive study on sintered copper samples to eval
uate their behavior under sulfur-containing corrosive conditions, such as 
those found in offshore environments. For sintered copper samples, 
loose corrosion products were observed under elemental sulfur expo
sure, whereas densely layered corrosion products formed in an H2S at
mosphere. Corrosion induced by elemental sulfur was more severe, 
resulting in deeper penetration and marked reductions in elastic 
modulus and hardness, as shown in Fig. 17c. Furthermore, Liu et al. [34] 
examined four groups of sintered joints fabricated using different sol
vent systems under high-humidity H2S conditions, revealing their 
respective sulfur corrosion mechanisms, as shown in Fig. 17d. The re
sults indicated that sintered copper joints exhibited superior 
anti-corrosion behavior compared to sintered silver, especially when 
epoxy resin was added. However, thermal shock tests revealed a notable 
decline in the shear strength of corroded copper joints, highlighting the 
need for further optimization.

The current study highlights the major challenges faced by chip 
interconnection materials in harsh environments, such as high salinity, 
humidity, and corrosive gases. Understanding the intrinsic corrosion 
mechanisms of these materials is crucial for enhancing their corrosion 
resistance and service reliability. Although existing research has pri
marily concentrated on Sn-based, pure silver, and pure copper sintered 

Table 5 
Summary of HTS tests results of Cu-based composite sintered materials.

Authors Year Materials HTS 
Processing

Shear Strength 
(MPa)

Ref.

Initial End

Chen 
et al.

2023 S Cu@Ag (1–2 
μm)

250 ◦C, 
air, 400 h

30.3 ~62 [91]

Chen 
et al.

2023 F Cu@Ag (1–2 
μm)

250 ◦C, 
air, 400 h

36.2 ~80 [91]

Min et al. 2021 Cu (4 μm) +
Sn–58Bi (35 
μm) (Cu-50 
(Sn–58Bi))

200 ◦C, 
air, 1000 
h

10.36 ~10 [44]

Wang 
et al.

2024 F Cu (1–3 μm) 
+ F Ag (1–3 
μm), content: 
Cu:Ag = 1:1

250 ◦C, 
air, 400 h

51.7 ~82 [39]

Wang 
et al.

2024 F Cu (1–3 μm) 
+ F Ag (1–3 
μm) + epoxy 
resin (5 wt%), 
content: Cu:Ag 
= 1:1

250 ◦C, 
air, 400 h

48.54 ~95 [39]

Wu et al. 2022 S Cu (20–60 
nm, 0.2–0.6 μm 
and 1–2 μm) +
MWCNTs 
(content: 0.6 
wt%)

250 ◦C, 
air, 168 h

26.64 25.14 [63]

Hwang 
et al.

2021 S Cu (4 μm) + F 
Cu (20 μm) +
resin (5, 10, 
15 wt%), 
content: S Cu:F 
Cu = 1:1

175 ◦C, 
air, 72 h

2.81/ 
12.1/ 
16.23

2.12/ 
10.46/ 
12.98

[24]

Lang 
et al.

2013 Cu + Sn,<15 
μm, content: 
Cu:Sn = 6:4

300 ◦C, 
air, 1800 
h

~40 ~50 [41]

Said 
et al.

2020 F Cu + Sn-0.7 
Cu (45 μm) 
content: Cu =
10 wt%

150 ◦C, 
air, 500 h

20.19 ~10 [50]

Shao 
et al.

2018 Cu (2 μm/20 
μm)+20 μm- 
thick pure Sn 
foil

350 ◦C, 
air, 240 h

33.1 29.7 [31]

Chen 
et al.

2022 Cu@Sn (3–5 
μm), SAC305

300 ◦C, 
air, 1200 
h

46.7 
(25 ◦C), 
63.2 
(300 ◦C)

~58 [27]

Gao et al. 2020 Cu particles, 
Cu oxide 
fragments, Cu 
oxide 
nanoparticles; 
Formic acid as 
reducing 
solvent

200 ◦C, 
air, 1008 
h

~27.5 ~0 [53]

Matsuda 
et al.

2023 Cu2O 
nanoparticles; 
PEG 400 as 
reducing 
solvent

250 ◦C, 
air, 1000 
h

~35 ~50 [59]

Fig. 15. Summary of shear strength changes of Cu-based composite sintered 
joints after HTS tests.
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materials, investigations into Cu-based composite sintered materials 
have so far been limited. Moreover, galvanic corrosion, which generally 
accelerates the degradation of composite sintered materials in harsh 
environments, presents an additional concern.

3.4. Electrochemical migration test

Electrochemical migration (ECM) is a common reliability issue in 
electronic materials, primarily caused by applied bias in the presence of 
an electrolyte. The growth of conductive dendrites can lead to short 
circuits and catastrophic failure in electronic devices. The ECM phe
nomenon was first observed in the late 1940s, with the increasing 
miniaturization of electronic products and their widespread usage, ECM 
has garnered growing attention from both academia and industry. This 
is due to the increasing reliability problems related to ECM in electronic 
products. Current ECM research primarily focuses on silver [114–116], 
Sn, and Sn alloys [33,117–119].

ECM occurs when a positive and negative voltage is applied to two 
closely spaced electrodes, which are connected by a continuous elec
trolyte layer. The presence of an electrolyte layer, which can be either 
visible or an invisible adsorption layer, is a prerequisite for ECM. The 
formation of the electrolyte layer is influenced by factors such as relative 
humidity, contaminants, temperature, and the surface conditions of 
materials in the electronic product. Humidity is a key factor; Lee et al. 
[120] reported that at room temperature and humidity levels of about 
60 % to 70 %, several monolayers of water could form on the metal 
surface, initiating the electrochemical migration process. Once the 
conditions for forming an electrolytic cell are met, the anode metal 
electrode under forward bias loses electrons and gradually dissolves into 
the electrolyte in the form of metal ions. These metal ions migrate to
wards the cathode under the influence of the internal electric field, 
where they gain electrons and undergo a reduction reaction, resulting in 
metal deposition [121], as shown in Fig. 18a. Current tests on electro
chemical migration mainly rely on optical microscopes and 

Table 6 
Summary of TCT test results of Cu-based composite sintered materials.

Authors Year Materials TCT Processing Shear Strength 
(MPa)

Ref.

Initial End

Chen et al. 2023 S Cu@Ag (1–2 μm)/F Cu@Ag (1–2 μm) − 55~150 ◦C, 2 cycles/h, 450 cycles 30.3/36.2 0 [91]
Wang 

et al.
2024 F Cu (1–3 μm) + F Ag (1–3 μm), content: Cu:Ag = 1:1 − 55~150 ◦C, 2 cycles/h, 450 cycles 51.7 34 [39]

Wang 
et al.

2024 F Cu (1–3 μm) + F Ag (1–3 μm) + epoxy resin (5–10 wt%), content: Cu:Ag = 1:1 − 55~150 ◦C, 2 cycles/h, 450 cycles 48.54 40 [39]

Kato et al. 2017 Cu + Sn-8 wt.% Cu(<13 μm), content: Cu:Sn = 7:3 − 40~250 ◦C, 1000 cycles 42 40 [49]
Gao et al. 2020 Cu particles, Cu oxide fragments, Cu oxidenanoparticles; Formic acid as reducing 

solvent
− 40~200 ◦C, 1 cycles/h, 500 cycles ~27.5 ~28 [53]

Wu et al. 2022 Cu (spherical particles 20–60 nm, 0.2–0.6 μm and 1–2 μm) + MWCNTs (content: 
0.6 wt%)

− 65~150 ◦C, 54 min/cycles, 225 
cycles

26.64 
MPa

23.91 [63]

Fig. 16. (a)Cross-sectional SEM images of Cu–Cu bonding specimens after thermal cycling: as-sintered, 200 cycles, and 500 cycles [53];(b)Fracture surfaces of the 
bottom side and upper side of Cu–Cu bonding specimens after 500 thermal cycles [53].
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electrochemical workstations, and their basic principles are shown in 
Fig. 18b [47].

The shape and morphology of the electrodeposit and the surface 
roughness largely depend on the current path and the concentration of 
substances involved in the electrolysis process [122]. Due to the uneven 
current distribution on the electrode surface, metal ions may preferen
tially nucleate and grow at specific locations on the cathode, resulting in 
dendrite formation. Dendrite formation occurs in two main stages: 
initiation and propagation. A critical overpotential is required for 
dendrite initiation, and studies have shown that most of the time is spent 
during this initiation stage rather than the propagation stage [123]. 
During propagation, dendrites with needle-like or tree-like shapes grow 
more rapidly at their tips compared to other parts of the electrode. This 
is due to several reasons: (1) As the dendrite grows, the distance between 
the dendrite tip and the anode decreases, creating a stronger electric 
field at the tip, which promotes further metal ion deposition. (2) The ion 
transport path to the dendrite tip is shorter than to other parts of the 
electrode, leading to preferential deposition at the tip. (3) As the 
dendrite tip sharpens, spherical diffusion replaces linear diffusion, 
increasing the deposition rate of metal ions at the tip.

In power devices, sintered silver chip interconnection materials are 
subject to challenges associated with electrochemical migration. Silver 
atoms can easily migrate under an electric field in humid or high- 
temperature environments, leading to short circuits and eventual de
vice failure. Mixing a second phase with Ag nanoparticles has proven to 
be an effective method to enhance resistance to electrochemical 
migration. Research has shown that Cu exhibits superior electro
chemical migration resistance, which has further promoted the study of 

sintered copper interconnect materials.
For instance, Ogura et al. [54] formulated a sintering paste con

taining a reducing solvent, silver oxide (Ag2O), and copper oxide (CuO) 
to create a sintered joint. During the sintering process, Ag2O was 
reduced to silver nanoparticles at 150 ◦C, while CuO was reduced to 
copper nanoparticles at approximately 300 ◦C. The study found that the 
resistance to electrochemical migration of this sintered joint was about 
four times greater than that of a pure sintered silver joint. Guo et al. [47] 
investigated the anti-electrochemical migration performance and 
mechanisms of mixed nanopastes comprising Ag nanoparticles, Ag 
nanowires, and Cu nanoparticles, as shown in Fig. 18c. The study 
showed that increasing the Cu nanoparticle content effectively pro
longed the ECM time of the mixed nanopastes, as the Cu oxidation 
products ahead of the dendrites inhibited Ag migration. Consequently, 
Cu nanoparticles improved the resistance of the mixed nanopastes to 
electrochemical migration. Li et al. [124] prepared a Cu@Ag intercon
nect layer using electromagnetic compaction and examined its electro
chemical migration behavior with a water drop test. The results 
indicated that the electrochemical migration resistance of Cu@Ag sinter 
joints exhibited better electrochemical migration resistance than 
nano-Ag sintered joints at a voltage of 5 V. Even when the voltage 
increased to 10 V, Cu@Ag joints failed only after 980 s, demonstrating 
superior performance (Fig. 18d). Cui et al. introduced a versatile 
complexation-based synthesis yielding Cu@Ag nanoparticles that 
outperform both pure Cu and Ag in resisting oxidation and ion migration 
under oxygenated conditions [125,126]. This also showed that the 
core-shell design of Cu@Ag gave it excellent anti-electrochemical 
migration performance.

Fig. 17. Study on chemical and galvanic corrosion of chip interconnect materials: (a) FIB cross-section images of high-porosity and low-porosity sintered silver 
samples after corrosion [109].(b) Comparison of the yield strength of the uncorroded and corroded samples as a function of porosity [110].(c) The morphology of 
different nanoindentation test areas, and the elastic modulus (E) and hardness (H) distribution of each test area [113]. (d) Schematic diagram of the surface changes 
of copper and silver samples after corrosion and the mechanism by which copper oxide further inhibits copper corrosion [34].
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Research on ECM in chip interconnect materials underscores signif
icant reliability challenges in harsh environments, particularly for 
power devices exposed to high humidity and temperature. The growth of 
conductive dendrites can cause catastrophic device failure, highlighting 
the need for a deeper understanding of ECM mechanisms. Previous 
studies on ECM in silver, tin, and composite materials have provided a 
strong foundation for developing new Cu-based interconnect materials 
with enhanced resistance to electromigration.

4. Conclusion and prospects

Copper-based composite sintered materials present significant 
promise as reliable and cost-effective alternatives for die-attach appli
cations in high-power electronics packaging. This review systematically 
analyzes recent progress in their development, emphasizing design 
strategies, material performance, and process optimization techniques. 
Three major enhancement approaches, including direct mixing, core–
shell structuring, and alloying, are discussed, along with the influence of 
key sintering parameters such as temperature, pressure, and reducing 
atmosphere. The incorporation of diverse fillers (metallic, oxide, and 
non-metallic) and the use of advanced sintering techniques (e.g., TLPS, 
SPS, cold spray) have been shown to improve thermal, electrical, and 

mechanical properties of Cu-based composites. In addition, critical 
challenges such as oxidation resistance, long-term reliability, and in
dustrial scalability are carefully examined. In summary, each of the 
three main strategies for enhancing Cu-based sintered materials offers 
distinct advantages and faces specific challenges. To facilitate clearer 
comparison and guide material selection in practical applications, a 
comparative summary of their key properties and process trade-offs is 
presented in Table 7. As seen from the table, direct mixing allows simple 
processing and tunable properties via filler selection, but often suffers 
from limited oxidation resistance. Core-shell structures offer better 
stability and lower sintering temperatures, though at higher material 
and synthesis costs. Alloying strategies provide a balance between per
formance and scalability, particularly in high-temperature applications, 
but may involve more complex sintering behavior. This comparative 
analysis provides a foundation for assessing material selection based on 
packaging reliability demands.

Despite substantial progress, several key challenges remain to be 
addressed for the widespread adoption and long-term reliability of Cu- 
based sintered materials: 

(1) Oxidation and Stability Issues: Oxidation during sintering and 
service life remains a major limitation, as the formation of Cu2O 

Fig. 18. Electrochemical Migration Principles and Testing Methods: (a) Schematic representation of the dendrite growth process [121]. (b) Diagram of the elec
trochemical migration test setup [47]. (c) Evaluation of electrochemical migration performance for various mixed nano-pastes [47]. (d) Comparison of electro
chemical migration and short-circuit behavior between nanosilver and Cu@Ag interconnect materials [124].
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and CuO impedes particle coalescence and degrades bonding 
performance. The development of robust oxidation-resistant 
coatings (e.g., Cu@Sn, Cu@Ag) and the application of cost- 
effective, environmentally friendly reducing agents (such as 
ascorbic acid and glycerol) are promising directions for miti
gating this issue. These approaches can help preserve surface 
activity and facilitate low-temperature sintering below 250 ◦C.

(2) Long-Term Reliability under Harsh Environments: Prolonged 
high-temperature exposure and thermal cycling often lead to 
interfacial degradation, void formation, and excessive interme
tallic compound (IMC) growth. Incorporating functional nano
fillers such as carbon nanotubes (CNTs) or epoxy-based 
reinforcements have shown potential to enhance interfacial 
strength (>30 MPa) and suppress defect evolution. Future efforts 
should focus on improving filler dispersion and understanding 
the reinforcement mechanisms under cyclic stress (>1000 
cycles).

(3) Process Optimization and Industrial Scalability: Emerging 
sintering techniques such as spark plasma sintering (SPS), cold 
spray, and transient liquid phase sintering (TLPS) enable dense 
joint formation at reduced temperatures. However, industrial 
implementation remains limited by high equipment cost, energy 
demands, and limited throughput. To meet manufacturing scal
ability requirements, it is essential to develop simplified, energy- 
efficient sintering methods that ensure consistent bonding quality 
at temperatures below 250 ◦C while maintaining porosity levels 
under 5 % and shear strength above 25–30 MPa. Compatibility 
with various substrate types and geometric designs will also be 
vital for large-scale deployment.

(4) Microstructure-Property Correlation: A more quantitative 
understanding of how microstructural characteristics, such as 
grain size, IMC morphology, pore distribution, and interfacial 
quality, affect the thermal, electrical, and mechanical behavior of 
Cu-based joints is essential. For instance, maintaining thermal 
conductivity above 200 W/m⋅K and electrical conductivity over 
80 % International Annealed Copper Standard (IACS, ~1.724 μΩ 
cm), requires precise control of densification and phase formation 
during sintering. The integration of advanced in-situ character
ization techniques (e.g., transmission electron microscopy, syn
chrotron X-ray diffraction) and multiscale computational 
simulations will play a critical role in optimizing microstructure 
design and accelerating predictive material development.

In conclusion, copper-based composite sintered materials hold 
immense potential for next-generation high-power electronic packaging 
due to their cost-effectiveness, excellent mechanical stability, and 
electrical and thermal conductivity. Future advancements will rely on an 
interdisciplinary approach, integrating innovative material design, 
advanced processing techniques, and in-depth microstructural analysis. 
With continued research and development, Cu-based composites are 
poised to become a cornerstone for reliable, high-performance elec
tronic devices operating under extreme conditions.
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