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segregate to the intergranular phase, as confirmed by con-
current large-area EELS measurements on these contacts. 
As a result, the heavy atoms and their atomic locations are 
in fact related to the brilliant spots shown in the images. 
For all the rare-earth elements (La, Sm, Er, Yb, and Lu) 
studied here, the atomic attachment at such interfaces var-
ies. The Si3N4 matrix grain and La atoms do not appear to 
be connected in any particular or regular way in the STEM 
images of the sample containing La.

Although La atoms are present in the intergranular 
phase, they do not align into atomic columns that enhance 
contrast (Shibata et al., 2004). Moreover, at this magnifica-
tion, no lateral atomic ordering can be observed. Prior 
studies have demonstrated the presence of spots with high 
and low concentrations of La atoms along the intergranular 
phase, indicating fluctuations in the La atom distribution. 
Because of their considerable separation, regions with high 
La concentration cannot be linked to a specific atomic site 
along the interface. Simultaneous theoretical calculations 
aimed at identifying particular atomic locations are benefi-
cial. Nevertheless, consistent with the current findings,  
unassisted STEM images do not clearly show a periodic 
atomic site for La atom attachment.

3.4 Sintering of reaction-bonded Si3N4
The maximum achievable thermal conductivity of Si3N4 

ceramics is limited because even the highest quality com-
mercial powder for Si3N4 starting powders has more than 
1 wt% oxygen present in the lattice and on the surface. 
Using a starting powder with less oxygen will increase the 
upper limit to a greater extent. Inspired by this notion, the 
researcher proposed the preparation of high thermal con-
ductivity Si3N4 using the well-known reaction-bonded sili-
con nitride (SRBSN technique), which fabricates Si3N4 
ceramics from a Si starting powder rather than a Si3N4 
powder (Zhu et al., 2006b).

In consideration of the fact that Si powders containing 
much less oxygen and metallic impurities than Si3N4 pow-
ders are commercially available due to the advancement of 
the modern semiconductor industry. This approach in-
volves two processing steps. To nitride and transform it 
into a porous Si3N4 compact, a Si compact made of Si 
powder and sintering additives is first heated to a tempera-
ture close to the melting point of Si (1414 °C) in a nitrogen 
atmosphere. Subsequently, the nitrided compact was heated 
to an elevated temperature below the Si3N4 breakdown 
temperature. This process facilitates the densification of 
porous Si3N4, resulting in the formation of dense Si3N4 ce-
ramics. Compared to the sintering of Si3N4 (SSN) method, 
Si raw powders are typically less expensive than Si3N4 raw 
powders, which is why the SRBSN method has long been 
recognized as an affordable processing method for creating 
Si3N4 ceramics. Nonetheless, the reason for employing the 
SRBSN technique to create Si3N4 ceramics with good ther-
mal conductivity was that it allowed Si powders with less 
oxygen than even premium Si3N4 powders to be used as the 
initial ingredients. Controlling the oxygen level of the 
post-sintered Si3N4 is advantageous because the entire 
process, from nitridation to post-sintering, can be carried 
out continuously without exposing the compacts to air.

Zhou et al. obtained the highest thermal conductivity of 
177 W/(m·K) for Si3N4 by nitriding combined with 
SRBSN at 1900 °C for 60 h and cooling at a rate of 0.2 K/
min using a raw material of high-purity Si with low oxygen 
content. Since the purity of silicon powder (e.g., oxygen 
content, metal impurities, etc.) is much higher than that of 
Si3N4 powder, the lattice defects of Si3N4 ceramics pre-
pared using SRBSN are reduced accordingly. As shown in 
Fig. 13(a), the reduction in grain boundary content sub-
stantially reduced the scattering of phonons at the grain 
boundary locations, thus increasing the thermal conductiv-
ity of the material. Combined with the compositional anal-
ysis (Fig. 13(b)), the Y, Mg, and O elements introduced by 
the sintering aids were mainly distributed at the thinner 
grain boundary locations. Si3N4 with a high thermal con-
ductivity of about 180 W/(m·K), a bending strength of 
600 MPa, and a high fracture toughness of 11 MPa·m1/2 has 
been developed by this method (Hirao et al., 2017).
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Fig. 12  The matrix grain is oriented along the [0001] zone axis in the 
STEM images of La-, Sm-, Er-, Yb-, and Lu-doped Si3N4, allowing the 
open Si3N4 crystal structure to be clearly seen at the atomic level, with 
its prismatic plane facing the amorphous intergranular phase. Adapted 
with permission from Ref. (Ziegler et al., 2004). Copyright © 2004, The 
American Association for the Advancement of Science.
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