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Abstract

We investigated the dopant distribution in Ca-doped a-SiAION by using
high-angle annular dark-field scanning transmission electron microscopy
and a multi-slice image simulation. Our results showed that the electron
wave propagated by hopping to adjacent Si(Al) and N(O) columns. The image
intensities of the Ca columns had wider dispersions than other columns. To
estimate the Ca distribution in the bulk material, we performed a Monte
Carlo atomic simulation of the a-SiAION with Ca dopants. A model including
a short-range Coulomb-like repulsive force between adjacent Ca atoms
reproduced the dispersion of the intensity distribution of the Ca column in

the experimental image.



Introduction

a-S1AION is a ceramic compound with the composition

M S119-(m-Ali-nO nN16-» whose atomic structure is equivalent to a-SizNy,
replacing the Si—N bonds with AI-N and Al-O bonds. The notation A
corresponds to cations such as Ca and Y, which dissolve into the interstitial
(closed channel) sites in the unit cell to compensate for the crystal’s charge
imbalance. Figure 1 shows the unit cell of the a-SiAION crystal. Each unit
cell has two interstitial sites, indicated in the figure by arrows.

Ca-doped a-SiAION is widely used as a structural ceramic because of
its high mechanical strength, wear resistance, corrosion resistance, and
oxidation resistance [1-6]. Recently, a-SiAION has been predicted to exhibit
highly efficient fluorescence when it is co-doped with a small amount of
lanthanoid elements such as Eu and Ce [7-9]. To control the light emission of
fluorescent a-Si1AION, it is necessary to assess the spatial distribution and
cross-correlation of the dopants in the Si(A1)-N(O) network.

High-resolution transmission electron microscopy (HRTEM) is very
useful for quantitatively analyzing the local atomic structure and
composition of multicomponent compounds. HRTEM can obtain precise
information on the atomic positions in a material, but it is difficult to use to
identify the atomic species in specific sites.

Nevertheless, recent advances in high-angle annular dark-field
scanning transmission electron microscopy (HAADF-STEM) enable us to

investigate the local atomic structure using TEM, and many such highly



precise studies have been conducted for semiconductors, oxides, metallic
compounds, and quasi-crystals [10—15].

In HAADF-STEM, image contrast is proportional to Z1-6-20 (Z atomic
number) because thermal diffuse scattering (TDS) becomes the dominant
scattering mechanism in electrons scattered at relatively high angles. This
feature has been used to directly image dopants in host materials [16-18].
Studies of the precise interstitial site of dopants in a-SiAION have revealed
that their atomic positions vary slightly depending on the type of dopant [19—
20]. However, these observations are effective only at very small dopant
concentrations. The occupancy of Ca and Y needed to stabilize the a-SiAION
crystal is usually a few percent, making it difficult to directly observe the
distribution of individual dopant atoms.

In the present study, we investigated the distribution of Ca dopants
in a-S1AION by using HAADF-STEM and an image simulation. Assessing
the contrast change of the Ca atomic column among various arrays of Ca

atoms, we attempted to find a plausible distribution of Ca.

Methods

First, Ca-doped a-SiAlION powders (Combustion Synthesis Co., Ltd., Japan)
were sintered at 2073 K for 2 h by spark plasma sintering. Using
energy-dispersive X-ray spectroscopy, the Ca concentration was estimated to

be 1.3 at.%, which corresponds to an occupancy of 0.2 among all interstitial



sites shown in Figure 1. The sintered a-SiAION block was sliced,
mechanically polished down to a thickness of 20 pm, and ion milled with
3-kV Ar ions (PIPS model 691; Gatan Inc., USA). HAADF-STEM (Titan? G2
60-300; FEI Company) was then performed at 300 kV.

The inner correction semi-angle of the HAADF detector and the
convergence semi-angle of the electron probe were 64 mrad and 22 mrad,
respectively. The HAADF-STEM images and electron beam propagation
behaviors were simulated with the Dr. Probe multi-slice (MS) image
simulator [21], which incorporates the influence of TDS by using the frozen
phonon approximation. In these image simulations, for the effective source
distribution we used a Lorentzian function with a full width at half
maximum of 0.06 nm. The defocus spread was set to 3 nm, and the (s and
other high-order aberrations were set to zero. For the MS simulation, 9600
Ca atoms were randomly dispersed among 480 000 interstitial sites in a
supercell with dimensions of 12X14xX46 nm. Two relaxed structures were
calculated based on the Metropolis—Monte Carlo (MC) algorithm. In the MC
simulation, the interactions between neighboring Ca atoms were modeled

with screened Coulomb potentials.

Result and discussion
Figure 2 shows a typical HAADF-STEM image and an atomic model of
Ca-doped a-SiAION viewed from the [0001] direction. The brighter spots

directly reflect the positions of each atomic column of Si(Al), N(O), and



Ca-N(O). There are two notable results in this HAADF image:

1) The intensity ratio of the adjacent Sil and N1 columns was ~1.1, a value
far from the ratio of the atomic numbers of each column.

2) The intensities of individual Ca columns varied considerably among
measurement points.

Here, we introduce the relative intensity between each atomic
columns and the N1 column: First, the background intensity was evaluated
by averaging the intensities of five different darkest pixels in the image.
After subtracting the background intensity from the original image, the peak
intensity of every atomic column was measured. Finally, the measured
intensities of all atomic columns were divided by the averaged intensity of
the N1 column. Table 1 summarizes the relative intensity and standard
deviation of each column. The standard deviation of the Ca column was twice
that of the other columns. This result implies that the occupancy of Ca atoms
was different in each column. These points are discussed further in the next
section.

First, let us discuss the intensity ratio of the Sil and N1 columns.
Figure 3(a) shows a [0001]-projection atomic structure of Ca-doped a-SiAION,
and Fig. 3(b) and (c) show the corresponding simulated and experimental
HAADF-STEM images, respectively. The intensity ratio of the Sil and N1
columns was ~1.1 in both images. Although there were twice as many N(O)
atoms in the N1 column as there were Si(Al) atoms in the Sil column, a

difference in atomic numbers for Sil and N1 presumes that the Si1/N1



intensity ratio should be 1.5-2 according to the simplified z-dependence
(c 21.6-2.0),

The intensity ratios of the experimental and simulated images are
clearly smaller than the estimate, so we solve this discrepancy by assessing
the channeling behavior of the electron beam propagation for each column.
Figure 3(d) shows the behavior of the electron wave propagation when the
convergent electron beam illuminates the N1 or Sil column. The electron
beam enters the upper surface of the sample (0 nm) and exits the lower
surface (46 nm). The electron beam incident on the N1 column is
immediately localized on the N1 column and then propagates along the N1
column; however, after propagating about 20 nm into the N1 column, the
electron beam jumps to the adjacent Sil column and propagates through it.
Near the emission surface, the electron beam returns to the original N1
column.

The electron wave exhibits a similar dechanneling behavior when it
is incident on the Sil column. This behavior is similar to electron wave
propagation into B—SisNy [16] because a-SiAION and B—SisNy have similar
crystal structures. Thus, the image intensities in the Sil and the N1 columns
appeared to grow closer to these average values. In addition, the MS
calculation indicated that the intensity ratios of the Si1/N1 column and other
columns strongly depended on the sample thickness. By comparing these
intensity ratios to the experimental values, we estimated the sample

thickness to be 46 nm.



Now, we shall consider the causes of dispersion in the Ca column
intensity. In simple terms, this dispersion is influenced by the differences in
the numbers of Ca atoms among the columns. The occupancy of Ca atoms is
0.2, but individual columns should have different numbers of Ca atoms, so
the intensities of the Ca column were dispersed. However, it was difficult to
directly determine the numbers of Ca atoms in individual columns from the
image.

Now, let us explain this difficulty using Fig. 4, which shows
simulated HAADF images with 15 Ca atoms in the Ca column in various Ca
distributions (periodic array and random distribution). The corresponding
propagation behaviors of the electron wave are shown in the lower part of the
figure, revealing that the intensities of the Ca columns were not the same.
When there is much Ca near the top surface, the intensity of the Ca column
strengthens, but the intensity weakens when Ca atoms are present near the
bottom surface. The change in this intensity ratio corresponds to a difference
of 1-2 Ca atoms. In other words, this result means that an error of ~10%
exists when the number of Ca atoms is directly determined from the image
intensity at the present sample thickness.

As mentioned before, we could not directly determine the number of
Ca atoms in the Ca column from the image intensity, so we estimated a
plausible spatial distribution of Ca atoms as follows: 9600 Ca atoms were
randomly placed in a supercell of 24000 SiAlON unit cells (48000 Ca

interstitial sites), as shown in Fig. 5(a). Then, the equilibrium Ca



distribution at the sintering temperature of 2073 K was calculated by the

MC method using the screened Ca—Ca Coulomb potentials (£pair):

_ n? e? r
Epair =——Xexp _r_ )
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where n is the valence number of Ca, e is the elementary charge, ¢, is the
permittivity of vacuum, ris the distance between two Ca atoms, and rs1s the
screening distance for the screening effect of the surrounding Si(AD-N(O)
network. Figure 5(b) shows the shape of the potential curve. In each MC step,
we randomly chose a Ca atom and moved it to other interstitial sites, then
calculated the total energy of the cell. Here, we ignored the influence of
lattice vibrations and only considered the screening effect in the interaction
between Ca atoms and other elements. The screening distance of the
Coulomb potential was set to be 3 nm or infinity (no screening).

Figure 6(a) shows the radial distribution function (RDF) for the Ca
atoms before and after structural relaxation. The shape of the RDF for the
random Ca distribution corresponds to the RDF of the Ca interstitial site
itself, which indicates that the fraction of the first nearest neighbor Ca
atoms 1s higher than that of all further neighbors. In contrast, after
relaxation, the proportions of the first and second nearest neighbor Ca atoms
decrease, and the proportions of the third and fourth nearest neighbor atoms
tend to increase. Particularly, this shows that the few first and second
nearest neighbor Ca atoms existed after structural relaxation, using the pair

potential with a screening distance of 3 nm.



Figure 6(b) shows the appearance frequency of the Ca atoms in each
column. The dispersion in the number of Ca atoms in individual columns
tended to narrow after structural relaxation with a screening distance of 3
nm. The HAADF-STEM images were then calculated over a 4.7X5.4X46 nm
region of the initial and relaxed supercells, as shown in Fig. 5(a). Figure 7
shows these results with the experiment image. In all images, the changes in
the Ca column intensity well reproduced those in the experimental image.

Figure 8 shows the intensity distributions of each column (Si1, N1,
N2, and Ca) measured from the HAADF images. In the experimental image,
the intensity distributions of the Sil, N1, and N2 columns also show slight
spreading as a result of quantum noise and equipment instability. Thus, we
convoluted a Gaussian function with a standard deviation of 0.03 for the
calculated intensity distribution profiles. The deviation value was optimized
by fitting the Si, N1, and N2 distributions in the experimental results. The
experimental image in Fig. 8(a) reveals that the Ca column had a much
wider intensity distribution than the other columns. This tendency also
appears in the calculated intensity distributions in Fig. 8(b)—(d), and the
dispersions of the distribution for the random distribution and the relaxed
structure without screening become larger than that in the experimental
image. However, the dispersion of the intensity distribution of the Ca column
using the screened pair potential almost agrees with that of the
experimental image, suggesting that it reproduced the atomic model

corresponding to the plausible Ca distribution.



These results indicate that the Ca atoms dissolve in the interstitial
sites of a-S1AION as divalent cations, and that a Coulomb-like repulsive force
exists between adjacent Ca atoms. They also suggest that the Coulomb
repulsion i1s limited to a short range by screening from the surrounding
Si(A)-N(O) networks. The RDF indicates that there is no Ca atom within 0.8
nm of another Ca atom. This knowledge is important in interpreting the
atomic interactions in co-doped (e.g., Ca, Y, and Eu) fluorescent a-SiAION,
and in future work we will investigate the dopant distribution in fluorescent

a-S1AION by using this technique.

Concluding remarks

Using HAADF-STEM, we investigated the dopant distribution in Ca-doped
a-S1AION. The intensity ratio of adjacent Sil and N1 columns was far from
the ratio of the atomic numbers of each column because there was
dechanneling of the electron wave between these columns. The individual
Ca—N(O) columns showed wider intensity dispersion than other columns.
Using a MC simulation, we estimated a plausible spatial distribution of Ca
atoms in the a-SiAION. Found from a MC simulation using the screened
Coulomb potential, the calculated dispersion of the intensity distribution of
the Ca column nearly agreed with the experimental image. This result
indicates that a short-range Coulomb-like repulsive force exists between

adjacent Ca atoms in the a-SiAION network.
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Figure and Table captions:

Table 1 Relative intensity and standard deviation in each column.
Fig. 1 Crystal structure of a-SiAION.

Fig. 2 HAADF-STEM image and atomic model of [0001] Ca-doped
a-SiAION.

Fig. 3 (a) Atomic model, (b) MS simulated image, and (c) experimental
HAADF image of Ca-doped a-SiAION. The channeling behaviors along the
N1 and Sil columns are shown in (d).

Fig. 4 (a) MS images of Ca-doped a-SiAION with various Ca distributions.
The channeling behaviors along the Ca column are shown in (b).

Fig. 5 Determination of the (a) super cell and (b) atomic potential used in
the MC simulation.

Fig. 6 (a) Radial distribution function and (b) distribution of Ca number
along the zaxis before and after the MC calculation.

Fig. 7 (a) Experimental and (b, ¢, d) calculated HAADF images of Ca-doped
a-SiAION with various Ca distributions.

Fig. 8 Intensity distribution of each column (Sil, N1, N2, and Ca) measured
from the HAADF images in Fig. 6. Also shown are the dispersions of the Ca

column intensity.



Table 1

Column relative intensity ~ standard deviation
Sil 1.14 0.09
N1 1.00 0.11
N2 0.73 0.07

Ca 0.64 0.19
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Fig.3
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Fig.4

(a) MS simulation
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Fig.5

(a) Super cell
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Fig.6

(a) Radial distribution function (b) Fraction of Ca numbers along z-axis
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Fig.7

(a) experiment
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Fig.8

(a) experiment
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