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Research Progress on the Effect of Sintering Additives on the Thermal
Conductivity and Mechanical Properties of Si;N, Ceramics

DENG Kang, HU Jiabin, HU Desheng, WEI Zhilei, SHI Zhongqi

(State Key Laboratory for Mechanical Behavior of Materials, School of Materials Science and Engineering, Xi'an Jiaotong
University, Xi'an 710049, China)

Abstract: The ongoing evolution of power semiconductor devices toward higher power density, increased switching
frequencies, and enhanced integration has introduced critical thermal management challenges, severely compromising their
operational stability and long-term reliability. Silicon nitride (Si;N,) ceramics, which are distinguished by exceptional
thermal conductivity, superior mechanical performance, and a coefficient of thermal expansion (CTE) that is compatible
with third-generation semiconductors, have emerged as ideal candidates for high-performance ceramic substrates. The
composition and corresponding ratios of sintering additives strongly affect both the sintering process and final properties,
making the selection of optimal additives a difficult challenge in realizing Si;N, ceramics with excellent heat conduction
and robust mechanical reliability. This review systematically summarizes the current research progress in oxide and
nonoxide sintering additive systems for the comprehensive fabrication of high-performance Si;N, ceramics and analyses the
mechanisms by which various additive systems tailor the densification process, microstructure evolution, thermal
conductivity and mechanical properties. Moreover, it forecasts future development trends and research directions for
sintering aid systems for Si;N, ceramics with high thermal conductivity and high strength.
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Fig.1 Schematic of typical packaging of a power module!”
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Tab.1 Common ceramic substrate materials and their physical properties®"'¢

Substrate materials BeO

Flexural strength/MPa 210

Fracture toughness/(MPa-m'?) 6~8

Thermal conductivity/(W-m™-K™") 200~310
Coefficient of thermal expansion/(10° K™ 6.8
Dielectric constant 6.7
Current carrying capacity/A
Reliability/cycle
Cost Low

ALO; AIN SisNy
400~500 280~390 600~900
3 2.7 6~8
20~30 150~230 60~120
7.2 4.0 3.0
9.7 8.9 9.4
<100 100~300 =300
500 1 000 =5 000
Low High High
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Fig.2 Three crystal structures of Si;N,: (a) a-Si;Ny; (b) B-SisNy; (¢) y-SisNy; (d, e) viewing a- and B-Si;N, from the [1120] direction.
Si and N atoms are illustrated by blue and green spheres, respectively. In the panels of a- and B-Si;N,, the trigonal coordination of N-Si,
parallel to the basal plane is shown by red triangles. In the panel of y-Si;N,, Si atoms that have tetrahedral coordination are colored
purple. Tetrahedral and octahedral coordination are indicated by purple and blue polyhedra, respectively™
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Fig.3 Liquid phase sintering process for Si;N, ceramics®
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Fig.4 Effects of different CO}:lte[I?tS of MgO and Al,O; additives
on the thermal conductivity of Si;N, ceramics™
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Fig.5 Relationships between the B-ratio of Si;N, and the lanthanide atomic number at different heat treatment temperatures:
(a) 1 600 C; (b) 1 650 C
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Fig.6 Relationships between the B-ratio of Si;N, and the amount of Re,O; at different heat treatment temperatures: (a) 1 600 C;
(b) 1 650 ‘CI*
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7 ReO BhFIXT SigN, B % b S B JE B2 (1) 52 1) . (@) La,Os; (b) Nd,Os; (¢) Gd,Os; (d) Yb,04
Fig.7 Effect of the ReO additive on the grain boundary film thickness of Si;N, ceramics: (a) La,O;; (b) Nd,Os; (¢) Gd,03; (d) Yb,04
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Fig.8 Effect of MgO-Y,0; on the thermal conductivity of Si;N, ceramics: (a) effect of the MgO content on the thermal conductivity
(2 mol.% Y,05); (b) effect of the Y,O; content on the thermal conductivity (5 mol.% MgO)""!
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Fig.9 Schematic illustration of the influence of the grain boundary bond strength on the crack growth path of Si;N, ceramics:
(a) transgranular fracture (high grain boundary bond strength); (b) intergranular fracture (low grain boundary bond strength)™
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Fig.10 SEM images of the plasma etching surfaces of Si;N, ceramics sintered with Yb,0;-MgO and Yb,0:-MgSiN,: (a) sintered for 2 h
in the Yb,05-MgO system; (b) sintered for 48 h in the Yb,0;-MgO system; (c) sintered for 2 h in the Yb,0;-MgSiN, system;
(d) sintered for 48 h in the Yb,0:-MgSiN, system®”
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JBT BEL 3 X5 ity S AT RS 114 5 ) L o
Fig.11 Depolymerization mechanism of fluorine atoms in silicate melt: (a) the fluorine atom breaks the network structure by replacing
the bridging oxygen atoms; (b) solute atom solution-diffusion-precipitation mechanism during liquid-phase sintering of Y,0;-MgO
system samples (YOMO) and YF;-MgF, system samples (YFMF); (¢) free energy barriers overcome by solute atoms in melts Y-Si-O-N
and Y-Si-O-N-F; (d) mechanism of the solute drag effect on grain boundary migration™
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P12 A [ S A e 45 B R0 6 SN, g e 0T T B AR Y5211 < (a) Y,05+MgO; (b) Y,0:+MgF; (¢) YF+MgO; (d) YF,+MgF,™
Fig.12 Influence of different fluoride sintering additives on the crack growth path of Si;N, ceramics: (a) Y,0;+MgO;
(b) Y,O:tMgFy; (¢) YF5+MgO; (d) YF+MgF,*™

P 13 ZeH, B RITE SisN, 5845 i 72 v i 4 FIATL SR 38 1
Fig.13 Schematic diagram of the action mechanism of ZrH, as a sintering aid in the sintering of Si;N, ceramic®®
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(b) 1%GdH,+1.5%MgO; (¢) 2%GdH,+1.5%MgO; (d) 4%GdH,+1.5%MgO; (e) 6%GdH,+1.5%MgO™
Fig.14 SEM micrographs of the polished surfaces of the Si;N, ceramics after sintering for 4 h: (a) 2 mol.% Gd,O5+5 mol.% MgO;
(b) 1 wt.% GdH,+1.5 wt.% MgO; (¢) 2 wt.% GdH,+1.5 wt.% MgO; (d) 4 wt.% GdH,+1.5 wt.% MgO; (e) 6 wt.% GdH,+1.5 wt.% MgO™
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Fig.15 Schematic drawing of the densification mechanism of Si;N, ceramics with ZrSi,-MgO additives during sintering!®
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