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Fig.1 Intrinsic properties of GaN, SiC and Sit®
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Fig.2 Schematic diagram of typical package structure of power module
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Table1 Comparison of advantages and disadvantages of chip connection materials**?2

Material Advantage

Disadvantage Ref.

Pb-based solder

low cost
Au-based solder
Bi-based solder

Zn-based solder

Conducting resin

Ag nanoparticle

paste and thermal conductivity
Low-temperature bonding and high-temperature service, high joint

Cu nanoparticle paste reliability, low cost

Excellent conductivity, thermal conductivity, ductility and wettability,

Excellent corrosion resistance, high conductivity and thermal conductivity,
high temperature oxidation resistance

Excellent mechanical performance
Excellent thermal conductivity, low cost

Low cost, simple process

Low-temperature bonding and high-temperature service, excellent electrical High cost, easy to electrochemical

Toxicity, environment pollution [13]
High cost, suitable for small chips [18]

High brittleness, poor machinability — [17]
Easy to corrode under humid and hot

conditions (19]

Poor conductivity [20]
migration (21]

Poor oxidation resistance and [22]

immature technology
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Fig.5 SEM images of copper nanoparticles synthesized by different cupric salts®”: (a) copper sulfate pentahydrate, (b) copper nitrate trihydrate,

(c) copper hydroxide, (d) copper acetylacetonate, (e) copper formate tetrahydrate, and (f) copper acetate monohydrate
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Table 2 Effect of shape and size of Cu nanoparticle on sintered joint!*4*7%4

Particle Preparation method

Effect Ref.

Bimodal Cu particles with average diameters
around 200 and 1000 nm

Werapping conformation of 160 nm Cu
particles surrounded by a large number of 9
nm Cu particles

One-step polyol method

One-step method

Semi-dendritic particles of 2.89 um Wet method

Micron-nano core-shell particles and 10 nm
ultra-small nanoparticles

Heterogeneous
nucleation method

Bimodal particles containing micro-sized Grinding copper powder The optimal formulation involves the paste containing 20% Cu

Cu flakes and Cu nanoparticles

1.2 um spherical particles, flake-shaped
particles with diameter of 6.9 pm and
thickness of 1 um

in a planetary ball-mill

Far higher than that obtained using single-sized Cu nanoparticle

paste [57]

The initial density of Cu nanoparticle is increased and Cu nanoparticles [44]
are sintered completely at low temperature without pressure

The thin branches and stems after bending deformation in the 58]

dendritic particles rapidly fill the interparticle voids

With the mass ratio of 3:2, the die-attach layers with the low
resistivity of 5.44 nQ-cm and the low porosity of 2.67% are [59]

achieved

flakes and 80% Cu nanoparticles [60]
The Cu flakes form a porous sintered structure, and the small Cu
spheres fill the pores, thereby reducing the porosity of the [61]

bonding layer
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Fig.6 Sintering behavior in Cu nanoparticles®™
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Table 3 Sintering atmosphere of Cu nanoparticle and its effec

t[57,96, 100,102-103,105-106]

Atmosphere Conclusion Ref.
N: vacuum At 350 ‘C and 0.4 MPa, the shear streng'th of-alloy after Nz atmosphere sintering is 40 MPa, and the 57]
vacuum sintering strength is 22.4 MPa
Ar; Ng; atmosphere; Hy; Ho-Ar 15% H»-85% Ar atmosphere is most favorable for sintering of copper nanoparticle [96]
. N The bonding strength of alloy after sintering in the atmosphere of mixture of nitrogen and oxygen
N2; atmosphere; N-O; with ratio 10:1 is higher than that in pure nitrogen [100]
H> After sintering at 400 C and 1 MPa for 5 min, the shear strength can reach 39 MPa [105]
Formic acid The shear strength of the joint sintered at 300 ‘C by oxidation-reduction bonding process is 30.9 MPa  [106]
Formic acid The average shear strength of copper joint after_reductlon sintering at 300 ‘C for 30 min without [102]
pressure is 23 MPa
Activated formic acid After sintering at 275 “C and 5 MPa for 30 min, the shear strength reaches above 70 MPa [103]
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Fig.21 Schematic illustration of the Cu paste over the copper substrate

with different surface roughness’®?: (a) Ra1, (b) Ras, and () Ras
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Fig.22 Shear strength of sintered nano-Cu joint after thermal aging
tests[91,114-117]
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Fig.23 Thickness of bonding layer of Cu joints sintered at different

temperatures before and after isothermal aging™®™
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Fig.25 Cross sections of copper joint and SE and element coating obtained through EPMAR: (a) cross section of Cu-sintered joint, (b) enlarged
micrograph of Fig.25a, (c) thermal aging at 200 °C/ambient for 1000 h, (d) thermal aging at 200 ‘C under vacuum for 1000 h, (e-f) SE
and the element overlay obtained by EPMA of Cu-sinter joint after thermal aging at 200 ‘C/ambient for 1000 h
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Fig.27 Distribution of the microscopic equivalent plastic strain in the microporous structure of the sintered layersi*?: (a) sintered copper and

(b) sintered silver
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Fig.28 Cross section images of sintered layer after 1000 cycles!*?!): (a) sintered copper and (b) sintered silver
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Fig.30 Schematic diagram of interconnection behavior of copper nanoparticles under thermal shock condition!*?!
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Fig.31 Cross sections of the sample after 1000 cycles of thermal shock test™”: (a) porous structure at the edge of the chip after thermal shock

test in vacuum, (b) hill on the substrate after thermal shock test in vacuum, (c) valley on substrate after thermal shock test in vacuum,

(d) fracture of metallization during thermal shock test in atmosphere, (e) peeling of substrate after thermal shock test in atmosphere, and

(f) connecting layer crack after thermal shock test in atmosphere
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Fig.34 Cross sections of joints™*): (a) Cu nanoparticle joint, (b) Cu nanoparticle joint after power cycle tests of 65-200 °C, (c) Cu nanoparticle

joint after power cycle tests of 65-250 “C, (d) Sn-0.7Cu joint, and (e) Sn-0.7Cu joint after power cycle tests of 65-200 C
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Research Progress of Cu Nanoparticle Sintering Technology for Power
Electronic Packaging
Ma Limin®, Lu Ziyi®, Jia Qiang®, Wang Yishu®, Zhang Honggiang?, Zhou Wei', Zou Guisheng®, Guo Fu**
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Abstract: With the rapid development of the third-generation semiconductors SiC and GaN, traditional packaging materials, such as Si-based
lead-free solder, cannot satisfy the requirements of high-power density and high-temperature loading in power electronic devices any more.
Nowadays, the joints packaged by Cu nanoparticle sintering technique can not only be bonded at low-temperature and then serve at
high-temperature, but also exhibit excellent thermal conductivity, electrical conductivity and relatively lower cost comparing with Ag
nanoparticles. Thus, more and more attention has been attracted in the field of Cu nanoparticle sintering technique for power electronic packaging,
which makes Cu nanoparticles become one of the most potential high-temperature-resistant packaging and interconnection materials. In this work,
the current research progress of Cu nanoparticle sintering technique was summarized, including the fabrication of Cu nanoparticle pastes, the
factors affecting the performance of sintered joints and the reliability of joints. Meanwhile, the oxidation behavior as well as the anti-oxidation
methods of Cu nanoparticle were introduced. Besides, the high-temperature working reliability and failure mechanism of Cu nanoparticle sintered
joints were discussed. This review aims to promote the application of low-cost Cu nanoparticle sintering technique for high-performance and
high-reliability power electronic packaging.
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Corresponding author: Jia Qiang, Ph. D., Associate Professor, Faculty of Materials and Manufacturing, Beijing University of Technology, Beijing

100124, P. R. China, Tel: 0086-10-67396614, E-mail: jiagiang@bjut.edu.cn


https://www.sciencedirect.com/science/article/abs/pii/S1005030222000676
https://www.sciencedirect.com/science/article/abs/pii/S1005030222000676
https://www.sciencedirect.com/science/article/abs/pii/S0026271419305001
https://www.sciencedirect.com/science/article/abs/pii/S0026271419305001
https://www.sciencedirect.com/science/article/abs/pii/S0026271416301366
https://www.sciencedirect.com/science/article/abs/pii/S0026271416301366
https://www.sciencedirect.com/science/article/abs/pii/S0026271414003096
https://www.sciencedirect.com/science/article/abs/pii/S0026271414003096
https://www.sciencedirect.com/science/article/abs/pii/S0026271415301529
https://www.sciencedirect.com/science/article/abs/pii/S0026271415301529
mailto:jiaqiang@bjut.edu.cn

