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Fig. 1 Devices and experiment process related with PLD. (a) Schematic of PLD device and process; (b) SiC chips before

and after deposition; (c) cross section microstructure of deposited silver micro-and nano-particles composite film;

(d) micro- and nano-particles in deposited {ilm
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Fig. 2 Sintering process using SMNCF and atmosphere-controllable HTS test. (a) Placement of SiC chip; (b) physical

diagram of self-developed chip module auxiliary pressure sintering interconnection equipment; (c¢) schematic of the

cross section of sintered sample; (d) working principle of tube furnace fixed with gas mixing device
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Fig. 5 Pore evolutions in sintered joints under atmospheric and vacuum environments. (a) Variation of porosity with

holding time; (b) variation of average pore cross section area with holding time
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Fig. 6 Microstructure evolutions of sintered layer during HTS tests in which the oxygen concentration is controllable.

(a)(b) Microstructure of sintered layer in inert gas environment at heat preservation for 200 h and 400 h;

(¢) (d) microstructure of sintered layer in 20% concentration ), atmosphere at heat preservation for 200 h and 400 h;

(e) () microstructure of sintered layer in 100% concentration O, atmosphere at heat preservation for 200 h and 400 h;

(g) variation of porosity of sintered layer at heat preservation; (h) variation of average pore cross section area of

sintered layer at heat preservation
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Fig. 7 Influence mechanism of oxygen on pore evolution process of sintered joints during HTS tests. (a) Schematic of

nanoparticle clusters with sintered necks and grain boundaries after sintering; (b) SEM image of polycrystalline

structure in sintered layer before HTS tests; (c)(d) schematic of silver oxide extruded near grain boundaries and

necks in nano-volcanic eruption effect; (e)(f) schematic of dynamic decomposition of extruded silver oxide and

secondary sintering of newly-formed silver nanoparticles
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Microstructureand Property Evolutions of Joints Sintered by

Silver Micro- and Nano-particles Composite Film
Wang Wengan, Jia Qiang, A Zhanwen, Feng Bin, Zhao Wenzheng, Bai Hailin,
Zou Guisheng”
State Key Laboratory of Tribology, Department of Mechanical Engineering, Tsinghua University,
Beijing 100084, China

Abstract
Objective With the application of new generation power electronic devices, their advantages in severe working

conditions are gradually emerging. For instance, SiC power devices can serve in high-temperature conditions over
300 C, and their packaging materials should be bonded at low temperature (<250 C ) and work reliably in high-

temperature conditions. Sintering silver nanoparticles (NPs) technology is an effective method that can form joints
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with excellent electrical and thermal properties between SiC chips and metallized substrates. The traditional silver
NP-sintering technology is synthesizing NPs by a chemical method and mixing them with organic components to
prepare pastes. However, the adverse effects of organic components in the pastes can reduce the performance of
sintered joints; thus, organic-free solutions have emerged recently. Pulsed laser deposition (PLD) with ultrafast
laser as the light source is an efficient method to prepare organic-free silver-nanostructured films with large areas.
Ultrafast laser with a very high peak power can ablate a target and produce ions with high kinetic energy, which can
be controlled by the atmosphere to form films with unique nanostructures. In this study, organic-free silver micro-
particle and NP composite film (SMNCEF) was prepared by a PLD method on SiC chips. The films were used as
intermediate layers for the low-temperature sintering process to bond SiC chips and metallized ceramic substrates.
The size distribution of the as-prepared nanosilver films is diverse and controllable, and the sintering temperature
can be as low as 180 C, which meets the shear strength requirements of SiC power devices.

Methods In this study, SiC chips with deposited SMNCF were mounted on silver metallized substrates to form
modules. These modules were sintered at 250 C with 10 MPa applied pressure for 30 min. In addition, samples in
control groups were prepared with hybrid silver NP pastes. The modules were dried at 150 ‘C for 5 min and then
maintained at 250 ‘C for 30 min under 10 MPa applied pressure to complete the sintering process. High-temperature
storage (HTS) is a general method to verify the reliability of sintered layers using SMNCF, and it mainly focuses on
the change of shear strength after tests and the influence of microstructure evolution in sintered layer. The HTS
tests were performed at 300 C, and cross-sectional samples of sintered joints after tests were prepared to observe
the microstructure of the sintered layer. Shear strength, porosity, and average pore area of sintered layer were
measured. In addition, the HTS tests were divided into two categories: long-term tests in the atmospheric and
vacuum environments for 2000 h (holding time of the control group using hybrid paste is 1500 h) and short-term tests
at varying oxygen concentrations for 400 h. In the HTS test with varying atmosphere, three groups of the
atmosphere were set for comparison: inert atmosphere using argon, which was used to confirm whether the pore
evolution in the sintered layer was consistent with the samples in the vacuum environment; atmosphere with 20 %
oxygen concentration, which was used for comparison with the atmospheric environment; and a pure oxygen
environment, which was used to observe the effect of pure oxygen on the microstructure evolution of sintered layer.

Results and Discussions Test results (Fig.3-5) show that the shear strength of sintered joints was always higher
than 20 MPa in the HTS test at 300 C for 2000 h, which was significantly higher than the standard MIL-STD-883K.
Besides, although the shear strength of sintered joints using hybrid NP paste is also higher than the standard MIL-
STD-883K, it is significantly lower than the control groups using SMNCF. This is attributable to the residual organic
components in sintered layer with decomposition temperature higher than 300 ‘C, which would affect the mechanical
properties of sintered joints. During 0-400 h in the atmospheric environment, the pores in sintered layer gradually
accumulated and led to densification of sintered layer, which increased the shear strength of the joints; during 400-
2000 h, the accumulation of pores led to a continuous expansion of the pores, which increased the porosity and
decreased the shear strength of joints. The vacuum environment hindered the evolution of pores in sintered layer
(Fig.6). The increase in oxygen concentration in the atmosphere can accelerate the evolution process of the sintered
layer during HTS tests. The influence of oxygen concentration on the mechanism of the microstructure evolution was
discussed (Fig.7).

Conclusions In this study, organic-free SMNCF was fabricated by the PLD method and a low-temperature sintering
process was performed to obtain porous joints between SiC chips and silver metallized substrates. HTS tests were
performed in different atmospheres. The results show that the shear strength of the sintered joints is always higher
than 20 MPa at 300 ‘C for 2000 h. The pore aggregation and connectivity during the tests can be observed in the
atmosphere, and this phenomenon is mostly influenced by the oxygen concentration in the atmosphere, while the
ambient pressure and other gas components in the atmosphere have an insignificant influence on the pore evolution.
In vacuum and inert atmosphere, the microstructure of the sintered layer is relatively stable in the HTS tests, and
there was no significant change in shear strength of the joints. This indicates that both vacuum and inert atmosphere
are beneficial to improve the high-temperature reliability of the porous sintered joints using SMNCF.

Key words laser technique; materials; silver micro- and nano-particles composite film; pulsed laser deposition;
low temperature sintering joining; high temperature reliability
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