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Direct visualization of rare earths in a- and B-SiAION unit-cells is performed through Z-contrast imaging technique in an aber-
ration-corrected scanning transmission electron microscope. The preferential occupation of Yb and Ce atoms in different interstitial
locations of B-SiAlON lattice is demonstrated, yielding higher solubility for Yb than Ce. The triangular-like host sites in a-SiAION
unit cell accommodate more Ce atoms than hexagonal sites in B-SiAION. We think that our results will be applicable as guidelines

for many kinds of rare-earth-doped materials.
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SiAION ceramics are of major interest for indus-
trial applications due to their improved mechanical and
optical properties compared to their parent silicon ni-
tride (Si3N4) compounds [1-6]. The improved perfor-
mance is facilitated by the ability of the material to
accept dopant atoms in the bulk with respect to SizNy
ceramics [7-9]. SIAIONs are formed by sintering at high
temperatures, when a rare-earth-rich liquid intergranu-
lar phase facilitates development of a high-density
microstructure [2,10]. However, as the sample cools,
the rare-earth sintering dopants must be absorbed by
the bulk to achieve good high-temperature mechanical
and optical properties [11-14]. The outstanding proper-
ties of SiAIONSs are due to the presence of substituted O
and Al atoms in o- and B-SizNy lattices, which offer a
variety of different favorable sites for dopant rare-earth
atoms [1,7-9,15,16], allowing both a- and B-SiAIONs to
be stabilized to optimize the hardness, fracture tough-
ness and luminescence [11-14]. In general, the rare
earths with large atomic numbers (Z > 60, with the
exception of Eu) enhance the stability and hardness of
the a-SiAION phase, while those with smaller atomic
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numbers (Z < 60) increase the fracture toughness of
the B-SiAION phase and also contribute to oo — [ phase
transformation during the sintering process [17]. Addi-
tionally, depending on the type of rare-earth element
used for densification, SIAION ceramics show novel
optical properties [13,18,19], which also make them a
relatively cheap and promising material for the next gen-
eration of white light-emitting diodes (LEDs) [5,6].
Hence there are widespread potential industrial applica-
tions for SIAION ceramics, but the key factor missing to
realize this potential is to atomically understand and
control where and how much rare earths can be incorpo-
rated into the o- and B-SiAION lattices.

In the present research, we have used Z (atomic num-
ber)-contrast imaging [20] in an aberration-corrected
scanning transmission electron microscope (STEM) to
directly visualize the atomic locations of rare-earth
atoms in o- and B-SiAION unit cells, from which we
are able to quantify the solubility concentrations. The
experimental section is described in the Supporting
Information.

First, we studied a SiAION sample sintered with an
additive composition of 8§ wt.% CeO,. X-ray diffraction
analysis indicates that the sintered sample has an o-
phase of ~4% (Fig. Sla of the Supporting Information),
which agrees with the few previous microscale studies
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showing that Ce may stabilize the a-phase when it is
used alone [21,22].

Figure 1a shows an atomically resolved Z-contrast im-
age of a typical region of a B-SiAION grain oriented along
the [0 00 1] zone axis. We find that a number of small
areas (~2 A in diameter) close to the center of some of
the hexagons, which consist of Si(Al) and N(O) atomic
columns, have peak intensities that are above the back-
ground noise (positions highlighted with white arrows
in Fig. 1a). The unexpectedly high intensity observed in
some places around the center of the hexagons can be bet-
ter observed after performing a maximum entropy decon-
volution [23] on the experimental image in Figure 1b, and
by comparing corresponding intensity profiles obtained
from the crystallographically identical “A”, “B” and
“C” atomic sites in Figure 1¢. The reason for the surpris-
ing excess intensity in some hexagons is attributed to
interstitial Ce atoms. Similar to our observation, it has
been reported previously that Eu impurities occupy
equivalent positions in B-SiAION [24]. However, in the
case of our experiment, the direct imaging of Ce atoms
within the hexagons immediately shows that the Ce inter-
stitials are more abundant than the Eu interstitials [24].
Therefore, this atomic-scale finding brings support to
the belief, suggested in a non-microscopic study [25], that
Ce may also be incorporated into the hexagon sites with a
larger solubility than Eu in B-SiAION [25].

In addition, we quantified the intensity of numerous
interstitial atomic sites where the Ce is observed in Fig-
ure la. We find that the intensity of the Ce atoms within
the hexagons is statistically similar (Fig. S2(a—d) of the
Supporting Information). This result, and the fact that
many sites are observed without Ce, implies that the
Ce atoms are present as single interstitial atoms at the
thicknesses studied.
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Figure 1. (a) Z-contrast image (raw data) of B-SiAION:Ce in the
[0 00 1] crystallographic orientation. White arrows indicate the posi-
tions where interstitial Ce atoms can be observed. Superimposed is a
model B-SiAION crystal structure including the Ce interstitial; the unit
cell is shown by a dashed parallelogram. (b) Maximum entropy
deconvolution image obtained from a region surrounding “A” and “B”
in (a). (c) Intensity line profiles obtained along the directions
highlighted by the red, green and blue arrows shown in (b). The
empty C interstitial location is crystallographically identical to the
occupied sites. (For interpretation of the references to color in this
figure legend, the reader is referred to the web version of this article.)

Figure 2a shows an atomically resolved Z-contrast
image of a typical region of an a-SiAION grain oriented
along the [0 00 1] zone axis. Similar to the B-SiAION
grains, we also find interstitial Ce atoms in the o-SiA-
ION grains (highlighted by white arrows in Fig. 2a).
Again, the interstitial Ce atoms can be better observed
after performing a maximum entropy deconvolution
analysis in Figure 2b. Furthermore, intensity profiles ob-
tained from some positions with (D) and without (E) Ce
atoms are shown in Figure 2c. Based on the results re-
ported in Figure 2a—c, we conclude that the Ce atoms
are located at the center of the triangular-like interstitial
sites in a-SiAION structure. Here, direct observation of
Ce atoms within the o-SiAION unit cell runs counter to
the common belief, strongly supported by some previous
microscale studies [26-33], that the o-SiAION phase
cannot be stabilized by Ce alone without using a co-
sintering cation such as Y [26-31] or the addition of
Y-0-SiAION nuclei [32,33]. Instead, our observation re-
veals definitive atomic-scale evidence for Ce stability in
the a-SiAION lattice when it is used alone, in agreement
with other previous microscale observations [21,22].

A simple visual inspection of the acquired Z-contrast
image reveals that the intensity of the Ce impurities is
not constant and changes significantly from site to site.
This finding is also supported by the quantified intensity
of interstitial Ce atoms in the a-SiAION crystal structure
(Fig. S3(a—d) of the Supporting Information). The vari-
ation in intensity corresponds to multiple Ce atoms in
the same projected channel location, and is consistent
with the much higher fractional occupation of the inter-
stitial sites.

Next, we sintered a SIAION sample with an additive
composition of 8 wt.% Yb,O;. The X-ray diffraction
analysis reveals that the sintered sample consists of
100% B-SiAION phase (Fig. S1b of the Supporting
Information), which contradicts previous studies
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Figure 2. (a) Z-contrastimage (raw data) of a-SiAION:Cein the[0 0 0 1]
crystallographic orientation with superimposed structure. White arrows
indicate the positions where interstitial Ce atoms can be observed. (b)
Maximum entropy deconvolution image obtained from a region
surrounding “D” in (a). (c) Intensity line profiles obtained along the
directions highlighted by the red and green arrows shown in (b). The
empty E interstitial location is crystallographically identical to the
occupied sites. (For interpretation of the references to color in this figure
legend, the reader is referred to the web version of this article.)
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Figure 3. (a) Z-contrast image (raw data) of B-SiAION:Yb in the
[000 1] crystallographic orientation with superimposed structure.
White arrows indicate the positions where interstitial Yb atoms can be
observed. (b) Maximum entropy deconvolution image obtained from a
region surrounding “F” in (a). (¢) Intensity line profiles obtained along
the directions highlighted by the red and green arrows shown in (b). The
empty G interstitial location is crystallographically identical to the
occupied sites. (For interpretation of the references to color in this figure
legend, the reader is referred to the web version of this article.)

reporting that rare earths with atomic number larger than
60 (except Eu) easily stabilize the a-phase after sintering
[34,35].

Figure 3a shows an atomically resolved Z-contrast im-
age of a typical region of a B-SiAION grain oriented along
the [0 0 0 1] zone axis. A maximum entropy deconvolu-
tion image is shown in Figure 3b, with corresponding
intensity profiles obtained from crystallographically iden-
tical “F” and “G” atomic sites in Figure 3c. Considering
the results in Figure 3a—c, similar to the Ce-sintered
B-SiAION sample, the Yb-sintered B-SiAION sample also
unexpectedly presents Yb interstitial atoms. However,
the YD interstitial sites are not equivalent to the Ce inter-
stitial sites. Yb atoms sit in between two adjacent
hexagons (as highlighted by the white arrows in
Fig. 3a), while Ce atoms sit at interstitial positions that
are located around the center of the hexagon rings (see
Fig. 1a). Our atomic-scale observations show that Yb is
preferentially absorbed into a new interstitial site of the
B-SiAION lattice with respect to Ce or Eu [24]. The result
suggests that Yb (Z = 70) can promote a complete o —
phase transformation in SiAION ceramics due to the slow
cooling of the furnace to room temperature during the
sintering process [36].

We also quantified the intensity of the interstitial
atomic sites where the Yb is observed in B-SiAION.
We found that the intensity of the Yb atoms within this
new interstitial site is not constant but changes from site
to site (Fig. S4(a—e) of the Supporting Information). As
with the case of Ce, this result again implies that multi-
ple Yb atoms are being imaged along the [000 1]
crystallographic direction, which is again consistent with
the concentration.

From the experimental images we were able to
quantify the concentrations of interstitial Ce atoms in
both the a- and B-SiAION phases and Yb atoms in the
B-SiAION phase. The quantification was performed by

simply counting the number of interstitial atoms
observed in the experimental images per unit area (the
detailed quantification procedure is described in the
Supporting Information). We found that only 3% of
the B-SiAION unit cells have interstitial Ce atoms, while
for the a-SiAION the concentration of Ce atoms reaches
49%. In contrast, the calculated concentration of Yb
atoms in B-SiAION reaches 69%. Using the measured
concentrations, we estimate that the volume fractions
are 0.35 £0.02% and 0.015 + 0.002% for Yb and Ce
in B-SiAION, respectively, and 0.45 + 0.01% for Ce in
o-SiAION. Here, these error bars represent only the
statistical error bars based on the number of interstitials
observed. They do not take account of any beam broad-
ening, which may cause interstitials lying deep inside the
crystal to be out of focus and therefore invisible. For
this reason, the quoted concentrations represent an
upper limit.

In conclusion, the precise sites of Ce and Yb rare-
earth atoms within o- and B-SiAION crystal structures
after sintering were determined using an aberration-
corrected STEM. We find that Yb and Ce atoms prefer-
entially locate in different interstitial lattice sites in the
B-SiAION crystal structure, with an order of magnitude
higher solubility for Yb than for Ce. The result clearly
shows that some sintering additives, like Yb and Ce,
can be incorporated into the B-SiAION crystal structure
during sintering. We observe that Ce atoms are located
at the triangular-like interstitial sites in a-SiAION crys-
tal structure. Furthermore, we find that absorption of
Ce atoms in the a-SiAION lattice is higher than in the
B-SiAION lattice.

Our results demonstrate that direct visualization of
the atomic sites and solubility of rare-earth atoms in
o- and B-SiAION crystal structures is possible. This
capability offers new atomic-level engineering insights
into how appropriate rare-earth types and host
SiAION polymorphs should be chosen for nanoscopic
tailoring of both next-generation SiAION-based struc-
tural materials and optical ceramics. In particular, we
have shown that if Yb, the best-known microscale
o-phase stabilizer [34,35], is utilized to produce
SiAlON-based ceramic cutting tools, fast cooling is
essential to prevent the o — [ phase transformation
from occurring, which is not practical for industrial
applications. On the other hand, we have shown that
Ce, which has not so far been considered as an
a-phase stabilizer [26-33], does have the ability to sta-
bilize o-SiAION without any co-dopant [26-31] or
a-nuclei additive [32,33]. SIAION polymorphs are also
promising host crystals for LED technologies [37-40].
Based on our observations, if B-SiAION is activated
by Yb or Ce [41], we might anticipate Yb to have
the higher luminescence efficiency due to its higher
solubility. On the other hand, if Ce is required as a
dopant, then a-SiAION would be a better choice of
host crystal lattice since the solubility of Ce in o-SiA-
ION lattice is much higher than in B-SiAION.

We therefore expect our first observations of impurity
sites and solubilities in SIAION polymorphs to represent
the first step towards a new paradigm for atomic-scale
guidance in the production of rare-earth-doped materi-
als for a wide variety of applications.
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