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Silicon nitride (Si3N4) ceramics are used in numerous applications because of their ability to
overcome the inherent brittleness of ceramics through reinforcing microstructures with whisker-
like grains [1]. However, the formation of such anisotropic grains is very sensitive to the dopant
cations used in the sintering additives [2]. Understanding the underlying atomistic mechanism of
these dopant effects is key to the design high-performance Si3N4 ceramics through microstructure
optimization.

Generally, Si3N4 ceramics are fabricated through liquid phase sintering, where oxynitride
amorphous intergranular films (IGF) with thickness on the nano-meter scale are formed between
grains[3]. Dopant atoms are expected to reside in IGFs and control the anisotropic grain growth
essential for the formation of a whisker-like grain morphology. However, the atomic level details
about how the dopants are distributed within the IGF have been extremely difficult to assess, due
to its very small thickness (i.e., < 2 nano-meters) of IGF and its amorphous nature.   

Here, we show direct images of dopant atom sites (La) within the sub-nanometer IGF in La-
doped Si3N4 using aberration corrected Z-contrast STEM[4]. Figure 1(a) is a HAADF-STEM
image of the IGF region. The grain on the right is aligned with the [0001] projection of b-Si3N4,
so that the (10Error!0) prismatic boundary plane is set at an ‘edge on’ condition. In the image,
bright spots inside the grains correspond to the Si columns, and the bright vertical band at the
center of the image indicates the position of the IGF, which is confirmed by the amorphous-like
contrast in the BF-STEM image of the same region. The estimated IGF thickness is about 1 nm
in both images. The strong bright contrast in the IGF is due to the presence of atoms with high
atomic number, in this case, La (Z=57). Notice that the highest intensity in the HAADF image is
observed at the IGF/grain interfaces and a minimum occurs around the center of the IGF. Figure
1(b) shows the image intensity profile across the boundary summed along Figure 1(a). It is
clearly seen that the maximum intensities appear at both IGF/crystalline interfaces, resulting in a
bimodal intensity distribution across the IGF. The strong zone of image intensity along the right
edge of the IGF is located where the terminal Si columns in the right hand grain would have
existed, suggesting that this zone represents the first cation layer of the glass attached to the b-
Si3N4 terminating surface.

Figure 2 is a magnified HAADF-STEM image of the IGF/ prismatic crystalline interface. The b-
Si3N4 lattice structure is superimposed on the image. Within the interfacial zone, La atoms are
readily observed as bright spots (denoted by red arrows). Note that the positions of the La atoms
are shifted from that expected for Si atoms for the continuation of the b-Si3N4 structure; these



expected positions are shown by open green circles. These La sites are in good agreement with
the calculated stable positions of La at a N-terminated prismatic plane using first principles
cluster calculations[4]. The present result clearly indicates that the anisotropic grain growth
should be related to the strong preferential segregation of La to the prismatic planes, retarding the
grain growth effectively on these specific planes.
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FIG.1: (a) HAADF image of IGF. (b)
Image intensity profile across (a)

FIG.2: Magnified HAADF image of the
IGF/crystal interface. Green and blue circles
correspond to Si and N, respectively.
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