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Abstract

Three-dimensional (3D) distributional analysis of individual dopant atoms in materials is
important to development of optical, electronic, and magnetic materials. In this study, we
adopted through-focus high-angle annular dark-field (HAADF) imaging for 3D distributional
analysis of Eu dopant atoms in Ca-o-SiAION phosphors. In this context, the effects of
convergence semi-angle and Eu z-position on the HAADF image contrast were investigated.
Multi-slice image simulation revealed that the contrast of the dopant site was sensitive to
change of the defocus level. When the defocus level matched the depth position of a Eu atom,
the contrast intensity was significantly increased. The large convergence semi-angle greatly
increased the depth resolution because the electron beam tends spread instead of channeling
along the atomic columns. Through-focus HAADF-STEM imaging was used to analyze the
Eu atom distribution surrounding 10 nm cubes with defocus steps of 0.68 nm each. The
contrast depth profile recorded with a narrow step width clearly analyzed the possible depth
positions of Eu atoms. The radial distribution function obtained for the Eu dopants was
analyzed using an atomic distribution model that was based on the assumption of random
distribution. The result suggested that the Ca concentration did not affect the Eu distribution.
The decreased fraction of neighboring Eu atoms along z-direction might be caused by the

enhanced short-range Coulomb-like repulsive forces along the z-direction.

! Abbreviations: LED: light-emitting diode; HAADF-STEM: High-angle annular dark-field
scanning transmission electron microscopy; TDS: thermal diffuse scattering; FWHM: full
width at half maximum.



1. Introduction

It is well known that dopant atoms in host materials can affect their optical, electrical,
and magnetic properties. In the field of white light-emitting diodes (LEDs), rare earth doped
phosphors including Ce- or Eu-doped YAG [1], SIAION [2], CaAISiN; [3], and Ca,SiO, [4]
have been used to adjust complex LED white light. In this context, analysis of dopant
concentration, doping site, and three-dimensional (3D) distribution is very important to
understanding and controlling luminescence properties. Of the phosphors currently available,
Eu-doped Ca-o-SiAION is attractive because of its excellent properties including small
thermal gquenching and high quantum efficiency. The basic structure of a-SIAION follows
that of a-SisN4, but Al and O atoms substitute for Si and N atoms respectively, resulting in
solid solution crystals. Because of AI** and O% ions, dopant atoms such as Y, Ca, Sr, and Eu
can insert into the interstitial sites in a-SIAION [5, 6]. Eu-doped Ca-o-SiAION can be
described as CaxSiiz—(m+mAlmnOnNien:EUy (M = 2X + 2y, m = 2n). In following with this
equation, the concentrations of Al and O were increased alongside the dopant concentration
to maintain charge neutrality. According to the literature [2, 7, 8], the optimum Eu (y) content
for higher luminescence ranges from 0.05 to 0.075. Ca content (x) also affects the
luminescence intensity and wavelength. In particular, a high m value leads to increases in
intensity and a red shift in the emission wavelength [9]. However, the reason for increased
luminescence is still not clear.

Investigation of the 3D distributions of doped rare earth atoms is crucial for a deeper
understanding of their luminescence properties because energy transfer can occur between
two nearby dopant atoms, which results in a decrease in light emission efficiency [10].
Conventionally, X-ray and neutron diffractometry have been used to identify doping sites [11,
12]. However, it has been difficult to determine the 3D distribution of dopant atoms using
these methods. High-angle annular dark-field scanning transmission electron microscopy

(HAADF-STEM) is very useful for direct imaging of single, heavy dopants within a host



material. The image contrast of HAADF-STEM is proportional to the atomic number (c<Z*%
20) because thermal diffuse scattering (TDS) is dominant in high angle electron scattering.
Therefore, HAADF-STEM has been used for analyzing column-by-column atomic structures
such as Si and InGaN semiconductors [13-16], oxides [17-19], nitrides [20-24], and so on.
Recently, electron tomography [25-29] and slight tilting [30] have been proposed to
determine 3D single-atom spatial distributions. These methods are effective for analysis of
thin materials such as nanoparticles and nanowires. However, they are not suitable when
electron channeling behavior changes drastically depending on incident direction. For
thorough analysis of the observed STEM image, image simulation, in which scattering and
channeling behaviors of the electron probe are predicted quantitatively, is essential.
HAADF-STEM imaging by counting electrons with an accurately calibrated ADF detector
using frozen phonon calculations has also been proposed [31, 32] and has perfectly clarified
the 3D distribution of Ce dopants in wurtzite-type AIN [33]. The quantitative STEM was also
applied for 3D imaging of Gd dopant atoms in SrTiO3[34, 35]. However, these quantitative
methods are considered unsuitable for analyzing Eu dopant atoms in Ca-a-SiAION because
when Eu dopant atoms are doped into the Ca column, in which the occupancy of Ca atoms is
approximately 0.3-0.6, the Ca concentrations and arrangements vary in each dopant column.
These different arrangements of Ca atoms strongly affect the column intensity [36], causing
difficulty in the quantitative analysis of Eu atoms in Ca columns (detailed calculation results
are supplied in S1 in the Supplementary materials). To solve this problem, we focused on
depth sectioning via through-focus or focal-series imaging [37-40]. The advantages of this
method are its simple procedure and the lack of need for special customization or complete
calibration. Spherical aberration-corrected electron probes improve not only the transverse
resolution, but also the depth resolution [41]. Therefore, contrast enhancement is expected for
elements around the focal position. Through-focus imaging enables the analysis of individual

Eu atoms present within the dopant column at different Ca concentrations and in different



arrangements. However, the depth resolution is not still high, and is insufficient for the
atomic scale analysis.

In the present study, we propose through-focus HAADF-STEM imaging for 3D
distributional analysis of Eu dopant atoms in Ca-a-SiAION phosphors. To achieve high depth
resolution, the defocus was changed by narrow steps. The contrast profile obtained for
various depths at each dopant column was compared to simulation results to determine the
depth position. Although the depth resolution is limited, the contrast depth profile recorded
by through-focus imaging with narrow step widths can determine the possible depth positions
of Eu atoms. From the 3D distribution of Eu atoms, the radial distribution function is
analyzed with different concentrations of Ca. Finally, we discuss the atomic distribution

model of Eu atoms in Ca-a-SiAION.

2. Experimental

CaySii2-mn)AlmnOnNien:Euy (X = 0.6 and 1.2, y = 0.06; m = 2x + 2y, m = 2n) was
prepared via combustion synthesis [42, 43]. The raw materials included Si (>99.9 % purity, 5
um), Al (99.9 % purity, 3 um), CaO (99.9 % purity), Eu,O3 (99.9 % purity), and a-SisNy
(99.9 % purity, 0.5 um) powders. The mixture was loaded into a porous alumina crucible.
The combustion reaction was conducted under nitrogen (99.99 % purity), at a pressure of 0.8
MPa by passing current through a carbon foil. To prepare the TEM samples, the synthesized
powder was mixed with fine copper powder (99.99 %, 1 um) and hot-pressed at 300 °C for 1
hour. The composite disk of a-SIAION and copper was sliced and mechanically polished
down to a thickness of less than 20 um, and then ion-milled with 5 ~ 1 kV Ar ions (PIPS
model 691, Gatan Inc.). HAADF-STEM (Titan® G2 60-300, FEI Company) was performed at
300 kV. The inner collection semi-angle of the HAADF detector and the convergence
semi-angle of the electron probe were 64 and 30 mrad, respectively. Through-focus

HAADF-STEM imaging was performed near 10 nm cubes with a defocus step of 0.68 nm,



where the defocus steps were calibrated using high-precision z-displacement (detailed results
are supplied in S5 of the Supplementary materials). When the STEM images were acquired,
the image contrast was maintained to be linear for the detector signal without an automatic
contrast or brightness adjustment. A non-saturation brightness level was selected. The drift of
the through-focus images was corrected, and the column intensities of both experimentally
obtained and calculated images were determined from the integrated intensity, where the
diameter of the selected area was approximately 0.15 nm. The number of Eu atoms was
determined from the shape and absolute intensity of the contrast profile. The Eu depth
position was analyzed using the peak position of the profile. The HAADF-STEM images
were also calculated with the Dr. Probe multi-slice image simulator [44], which uses the
frozen phonon approximation to incorporate the influence of TDS. A parameterized
scattering factor, which was reported by Weickenmeier and Kohl [45], was used as an atomic
scattering factor because of its high accuracy at high angles. A frozen phonon calculation was
performed by including random atom displacements to represent thermal atom vibrations.
Based on the calculated number of pixels, approximately ten variants of frozen phonons were
considered for one column, in which the atomic scattering factor was fixed to be 0.5 A for
every atom. According to the reciprocal of the number of supercells used, the resolution in
reciprocal space was found to be 0.07 A™. In these image simulations, we used a Gaussian
function with a full width at half maximum of 0.04 nm for the electron probe intensity

distribution. The defocus spread was set to 3 nm.

3. Results and discussion

Fig. 1(a) shows the atomic structure model of Eu-doped Ca-a-SiAION along the [0001]
direction. Ca and Eu atoms are located in the same column. When Ca content x = 0.6 and Eu
content y = 0.06, the occupancies of Ca and Eu in one dopant column are 0.3 and 0.03,

respectively. With an increase in x from 0.6 to 1.2, the amounts of Ca, Al and O increase and



the crystal lattice expands due to an increase in long Al-O bonds. The x value also affects the
luminescence properties [8]. In this study, samples were synthesized with x = 0.6 and 1.2.
X-ray diffractometry showed a lattice expansion with an increase in x, and an increase in

luminescence properties at x = 1.2.

Dopants o @
(Ca, Eu)

Fig. 1. (a) Atomic structure model of Eu-doped Ca-a-SiAION, in the [0001] direction. (b)
Multi-slice simulated image of Eu-doped Ca-a-SIAION, in which one Eu atom is located at
-5.48 nm along the z-direction and defocus is -5.52 nm (sample thickness: 20 nm,
convergence semi-angle: 30 mrad).

For multi-slice image calculations, a supercell of Ca-a-SIAION (x = 0.6) with a
thickness of 20 nm was prepared. When the sample thickness was 20 nm, 36 atomic sites
were present in one dopant column. The average numbers of Ca and Eu atoms expected are
10.8 and 1.08, respectively. These dopant atoms can be inserted interstitially. In the
calculation, Ca atoms were uniformly arranged along the dopant column. Fig. 1(b) shows the
simulated HAADF image of Ca-a-SIiAION, in which one Eu atom is located at -5.48 nm
along the z-direction and the defocus was -5.52 nm (sample thickness: 20 nm, convergence
semi-angle: 30 mrad). The simulated image is matched to the atomic structure shown in Fig.
1(a), and the brightest dots correspond to the dopant column because the atomic numbers of

Ca and Eu are higher than those of Si and N. When the effects of convergence semi-angle and



Eu z-position on the contrast were investigated, the simulated area was limited to that near
the dopant column in the dotted square in Fig. 1(b) in order to reduce the calculation time.

Through-focus images were calculated by changing the defocus from 0.00 to -16.10
nm using steps of 0.42 nm. This is the minimum step size supported by the STEM used in
this study. Fig. 2(a) shows simulated images of Eu sites, where one Eu atom is located at a
depth of -5.48 nm and 30 mrad was used as the convergence semi-angle. The contrast of the
dopant site is sensitive to changes in defocus. When the defocus matches the depth of a Eu
atom, the contrast increases significantly. This behavior can be explained by the shallow
focus depth. Generally, focus depth decreases when the convergence semi-angle is increased.
Therefore, a spherical aberration-corrected electron beam increases the spatial resolution,
which enhances the information around the focal position [41]. Y. Oshima also reported the
dependence of contrast on defocus using STEM imaging of As-doped silicon, in which the
maximum intensity was obtained when the electron probe was focused within the 2.7 nm
defocusing range of the doped atom [46].

The change in contrast of dopant columns with different levels of defocus is summarized
in Figs. 2(b) and (c). Here, the plots show the contrast at each defocus level and the dotted
lines are curves fit using the Lorentzian peak function. The Lorentzian peak function is more
suitable for curve fitting than the Gaussian function because of its bell shape and much wider
tails. The linear model with gradient was applied as a background. This relationship might be
due to a decrease in beam intensity as defocus increases. In the present calculation, the
convergence semi-angle was varied to 22, 30, and 45 mrad at a fixed Eu atom depth of -5.48
nm, as shown in Fig. 2(b). Table 1 summarizes the full width at half maximum (FWHM) and
detected peak positions at different convergence semi-angles. When the convergence
semi-angle is increased from 22 to 45 mrad, the FWHM of the peaks decreases from 9.26 to
1.85 nm and the accuracy of the Eu position detection is enhanced. This indicates that a large

convergence semi-angle is effective for increasing the depth resolution because the electron



beam tends spread instead of channeling along the atomic columns. A convergence
semi-angle of 30 mrad was used for real observations. This was an optimal value for
high-resolution HAADF-STEM with the present STEM. The effect of Eu depth is also
studied in Fig. 2(c), where Eu atoms are located at different depths of -2.06, -5.48, and -10.62
nm. The convergence semi-angle was assumed to be 30 mrad. Table 2 shows the FWHM of
the intensity profile and the peak position, which indicate that the Eu depth position can be
analyzed within the range of -2.06 to -10.62 nm. At a dopant depth of -2.06 nm, accuracy was
reduced because of the asymmetric shape of the fitting curve.
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Fig. 2. (a) Simulated images of an Eu site with different levels of defocus from 0.00 to -11.04
nm. (b, c) defocus profiles of an Eu site evaluated via multi-slice simulation with different
electron probe convergence semi-angles, and different depth positions of Eu atoms.



Table 1. FWHM and peak position at different convergence semi-angles with a dopant depth
of -5.48 nm.

Converged semi-angle 22 mrad 30 mrad 45 mrad
FWHM (nm) 9.26 3.60 1.85
Peak position, z (nm) -5.21 -5.63 -5.36
Error, Az (nm) 0.27 0.15 0.12

Table 2. FWHM and peak position at different dopant depths, with a convergence semi-angle
of 30 mrad.

Doped depth (hnm) -2.06 -5.48 -10.62
FWHM (nm) 4.81 3.60 3.80
Peak position (nm)  -1.68 -5.63 -10.66
Error, Az (nm) 0.38 0.15 0.04

According to these simulated results, through-focus HAADF-STEM imaging shows
the potential to analyze the depth position of an Eu atom. However, there are some important
issues to consider. First, channeling sometimes affects the contrast, which makes position
analysis more difficult. In the Ca-a-SiAION structure, the channeling effect is not serious
because of the low site occupancy of Ca and the large difference in atomic number between
Ca (20) and Eu (63). We also investigated the effect of the Ca arrangement. The average
occupancy of Ca atoms is approximately 0.3; however, some atomic columns can have a
higher occupancy and others one should be lower occupancy. We calculated such variations
in the Ca arrangement, as shown in S2 in the Supplementary materials. Although Ca
segregation generates broad peaks in the contrast profiles, we can distinguish the presence of
Eu atoms from Ca segregation because of the sharper, more intense peaks from the presence
of Eu. In addition, we should discuss how to deal with cases where more than one Eu atom is
located in the same column. Fig. 3 shows defocus profiles evaluated via multi-slice

simulation with two Eu atoms located at different depths. When the Eu atoms are located at



depths of -5.48 and -10.62 nm, the multi-slice image simulation indicates that their contrast
profile is nearly equal to the sum of each single atom profile shown in red and blue dotted
lines in Fig. 3(a). Therefore, we can determine the depth positions of two Eu atoms located at
the same column. However, when two Eu atoms are located within 2 nm of each other along
the z-direction, it is difficult to determine their actual separation distance, as shown in Fig.
3(b). A larger convergence semi-angle is required to distinguish such a narrow distance.
Although some issues exist, through-focus HAADF-STEM imaging shows the potential to
analyze the Eu atom distribution in Ca-a-SIAION. We have treated the matters discussed

above with care when analyzing the HAADF-STEM images.
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Fig. 3. Defocus profiles via multi-slice image simulation with two Eu atoms located at
different depths of (a) -5.48 and -10.62 nm, and (b) -5.48 and -7.19 nm.

Through-focus HAADF-STEM imaging for synthesized particles was performed to a
sample thickness of around 30 nm with defocus steps of 0.68 nm, a convergence semi-angle
of 30 mrad, and an image resolution of 2048 x 2048 pixels. The sample thickness was
estimated from the intensity ratio between two different Si columns (see S3 in the
Supplementary materials). In the Ca-a-SiAION structure, the Si column intensity depends on
the sample thickness because of the unique electron channeling. According to a comparison

between the calculated and experimental results, the sample thickness was approximately 30



nm. We also investigated the effect of the sample thickness on the contrast profile (S4 in the
Supplementary materials). The results indicated that the sample thickness only slightly
affected the contrast profile. Because the spherical-aberration-corrected electron probes with
a convergence semi-angle of 30 mrad improves the depth resolution, contrast enhancement is
expected for elements around the focal position, resulting in insensitivity to the sample
thickness.

In the experiment, the defocus was varied from 0 to -20.3 nm, resulting in 30
through-focus images. After unification of the contrast range, an average image was
generated from the 30 drift-corrected through-focus images. Figs. 4(a, b) show
HAADF-STEM images of Eu-doped Ca-a-SiAION (x=0.6) at different defocus levels and an
average image generated from 30 individual images. The bright dots in these images
correspond to the Ca and Eu dopant sites. Columns of Si (Al) and N (O) had relatively lower
contrast due to having smaller atomic numbers than Ca and Eu. The brightness of the dopant
sites varies with the atoms in each column. In addition, when Eu atoms are in a particular
column, the contrast of this column increases and the defocus level with the highest intensity
indicates the depth of the Eu atom. Here, some columns have higher contrast at every defocus
level, which might suggest that they contain many Ca atoms. Eu is located in the same
column as the Ca atoms, and the occupancy of Ca atoms is not 1.0. Therefore, the Ca
concentration and arrangement can be changed at each column. The effect of such Ca
arrangements has been illustrated in S2 in the Supplementary materials. Fig. 4(c) shows an
enlargement of column ¢ from Fig. 4(a) at each defocus level. The highest contrast is near
-5.41 nm, which suggests that this is the location of the Eu atom. At defocus levels of over
-10.7 nm, the contrast of column ¢ decreases significantly due to the absence of nearby Eu
atoms. From these results, it is clear that one image observed at a fixed defocus level does not
supply information about Eu atoms located at different depths. To find all Eu atoms,

though-focus imaging is required. To analyze the number and depths of Eu atoms, the



contrast profiles of each atomic column were carefully analyzed one-by-one using 30
recorded through-focus images. Finally, we determined the depth positions of the Eu atoms

using the defocus with the highest contrast and profile shape.

Average

(c) Enlargement of column ¢
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Fig. 4. HAADF-STEM images at different defocus values of Eu doped Ca-a-SiAION of x =
0.6 No. 1 (a) and No. 2 (b) with averaged HAADF-STEM images, which are the averages of
30 images obtained at different defocus values. (c) Enlargement of column c in Fig. 4(a) at
each defocus level (nm).

Fig. 5 shows the contrast profiles acquired from through-focus HAADF-STEM
images. Figs. 5(a-d) correspond to the arrows in Fig. 4(a, b). From these profiles, we have
determined the existence and depth of the Eu atoms. When analysing the contrast profile, the
linear background model was applied as seen in Fig.S7 (a). The evaluated peak intensity was
used for detecting Eu. The distribution of these peak intensities are summarized in Fig.S7 (b),
in which two peaks correspond to Ca and Eu. When peak intensity was over 14, we judged
that the Eu atom located at this column. In the practical analysis procedure, threshold of peak
intensity was slightly reduced with an increase of defocus owing to the decreases in peak
intensity as shown in the Fig. 2(c). In Fig. 5(a), the contrast gradually decreases without any

significant peaks, which suggests the absence of Eu atoms in this column. The contrasts of



positions (b) and (c) have peaks which reveal the presence of Eu atoms in these columns. In
these cases, -2.70 and -5.41 nm were identified as the depths of the Eu atoms. Two Eu atoms
were also detected in one column, as shown in Fig. 5(d). The peak of column ‘¢’ was broader
than that of ‘b’. The image simulation shown in Fig. S2-2 in the Supplementary materials
suggests that the peak broadening was enhanced with an increase in the depth position of Eu
atoms. This phenomenon might have been induced by the scattering of the electron beam.

The intensity profile of column “d” exhibits a similar trend.

Two Eu atoms were also detected in one column, as shown in Fig. 5(d). The peak of
column ‘¢’ was broader than that of ‘b’. The image simulation shown in Fig. S2-2 in the
Supplementary materials suggests that the peak broadening was enhanced with an increase in
the depth position of Eu atoms. This phenomenon might have been induced by the scattering

of the electron beam. The intensity profile of column “d’ exhibits a similar trend.
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Fig. 5. Contrast profiles acquired from through-focus HAADF-STEM images of Eu-doped
Ca-a-SIAION (x=0.6), in which (a-d) correspond to the arrows in Figs. 4(a, b).



To analyze the dopant distribution in a statistically significant manner, three
different areas were observed at each composition. In total, 2037 columns were analyzed and
768 Eu atoms were detected in 6 areas. Fig. 6 shows the resulting 3D distribution of Eu atoms.
Segregation of Eu atoms is not clearly apparent from this distribution. The number density of
the Eu atoms is summarized in Table 3; it was slightly lower than the theoretical Eu density
of 0.20 nm™. The Eu atoms may not have been doped perfectly into the Ca column, and so

some of them may have been segregated.
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Fig. 6. 3D Eu atom distributions for (a) x=0.6 and (b) x=1.2.

Table 3. Number density of Eu atoms detected. Here, the theoretical density is 0.20 / nm®.

No. 1 No. 2 No. 3
Xx=0.6 0.16 / nm® 0.15/nm?® 0.15/ nm?®
x=12 0.15/nm?® 0.17 / nm?® 0.14 / nm®

We have evaluated the radial distribution function in order to characterize the
distribution morphology of Eu atoms. Fig. 7(a) shows the configuration of Eu atoms in a unit
structure. When one Eu atom is focused upon (see yellow atom), six Eu atoms labeled “1” are

first neighbors and two Eu atoms labeled “2” are second neighbors. With the assumption of



100 % occupancy of Eu atoms, the radial distribution function can be represented by Fig. 7(a).
In our through-focus imaging, the depth position was analyzed in steps of 0.68 nm, and thus
the Eu atom configuration changes as shown in Fig. 7(b). Here, we define this analytically
derived coordination system as “analyzed coordination system”. This analyzed coordination
system (Fig. 7(b)) differs from the real coordination system (Fig. 7(a)) because the nearest
distance between Eu atoms along the z-direction is 0.57 nm in the real system. Although the
resulting radial distribution functions change between the two coordination systems, each
peak corresponds as shown in the radial distribution function displayed in Fig. 7(b). For
example, the distance of 2’ consists of 66.7 % of 2 and 33.3 % of 7 in the real coordination
system (see Fig. S6 in the Supplementary materials). By evaluating the fraction at each
distance, the simulated coordination system can be perfectly adjusted to match the real

coordination system.

(a) Real coordination system
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Fig. 7. (a) Real coordination system of Eu sites and (b) analyzed coordination system and its
corresponding radial distribution functions.



Fig. 8 shows the analyzed and converted radial distribution functions for Eu atoms
with different Ca concentrations. The converted radial distribution was obtained using the
fraction at each distance, as discussed above. According to the two radial distribution
functions, there is no significant difference between the distributions obtained at x=0.6 and
x=1.2, which suggests that the concentration of Ca does not affect the Eu atom distribution.
Figs. 8(a-3) and (b-3) show radial distribution functions from a random distribution model,
which was calculated based on 3 % occupancy of Eu atoms. When Eu atom distribution is
perfectly random, the radial distribution function must have a similar shape to that of 100 %
occupancy, shown in Fig. 7. Except for first- and second-neighbor atoms, the distributions
obtained for x = 0.6 and x = 1.2 match the random distribution model well. In addition, the
fractions of a seventh-neighbor atom (labeled ‘7’) also decrease. Although it is difficult to
determine the actual distance when two Eu atoms are near each other in the z-direction, the

fractions of both atoms 2 and 7 might have decreased in the experimental results as well.

By comparing analyzed and converted radial distribution functions, we can also
demonstrate that the converted radial distribution functions are reasonable because of their
agreement with the distribution shown in Fig. 7. While the radial distribution function of the
real coordination system differs from the analyzed one, these two types of distributions nearly
agree with the observed result. Therefore, except for the 2" and 7" neighbor atoms, Eu atoms
are almost randomly distributed in Ca-a-SiAION. According to the STEM-HAADF analysis
of Ca-doped a-SIAION without Eu doping [36], a short-range Coulomb-like repulsive force
exists between adjacent Ca atoms in the a-SiAION network, in which the radial distribution
function of Ca-Ca showed that the proportions of first and second nearest neighbor Ca atoms
decrease, and the proportions of the third and fourth nearest neighbor atoms tend to increase.
In the case of Eu atoms investigated in this study, the Ca concentration does not affect the Eu

distribution. The decreased fraction of atoms 2 and 7 might be caused by the short-range



Coulomb-like repulsive forces. When two Eu or Ca atoms contact along x or y-direction, the
Si atoms always locates between these atoms as shown in Fig.1, which decreases the
interaction of these atoms owing to the screening effect. In contrast, the nitrogen or oxygen
atoms are arranged between Ca or Eu atoms along the z-direction without Si atoms, which
might enhance the short-range Coulomb-like repulsive forces. This is the reason for
decreased fraction of atoms 2 and 7. Here, we must also consider the effects of the synthetic
conditions on the dopant distribution, including temperature, time, and sintering or heat
treatments. The reaction time for the combustion synthesis applied in this study was less than
5 min. The as-synthesized powder was observed without any heat treatment. In addition, the
accuracy of through-focus HAADF-STEM is still low, especially for analyzing the fraction of
atoms existing along the z-direction. In our future work, we will improve the accuracy of the

through-focus method to analyze the distribution of Eu atoms in Ca-a-SiAION.

(a) Analyzed coordination system (b) Converted to real coordination system
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Fig. 8. Radial distribution functions of the analyzed coordination system (a) before and (b)
after conversion to the real coordination system.



4. Conclusions

We have investigated the dopant distribution in Ca-a-SIAION via through-focus
HAADF-STEM imaging. Due to the shallow focus depth, the contrast of the dopant site
changes as a function of the depths of nearby Eu atoms. Using a large convergence
semi-angle greatly increases the depth resolution because the electron beam tends to spread
instead of channeling along the atomic columns. Although the depth resolution of
through-focus imaging is limited, a contrast depth profile with narrow step width was
effective to determine the depths of Eu atoms with satisfactory accuracy. Finally, the
resulting radial distribution function shows that the Ca concentration does not affect the Eu
distribution and the decreased fraction of neighboring Eu atoms along z-direction might be
caused by the enhanced short-range Coulomb-like repulsive forces along the z-direction

compared to x or y-directions.
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Figure captions

Fig. 1. (a) Atomic structure model of Eu-doped Ca-a-SiAION, in the [0001] direction. (b)
Multi-slice simulated image of Eu-doped Ca-a-SiAION, in which one Eu atom is located at
-5.48 nm along the z-direction and defocus is -5.52 nm (sample thickness: 20 nm,
convergence semi-angle: 30 mrad).

Fig. 2. (a) Simulated images of an Eu site with different levels of defocus from 0.00 to -11.04
nm. (b, ¢) defocus profiles of an Eu site evaluated via multi-slice simulation with different
electron probe convergence semi-angles, and different depth positions of Eu atoms.

Fig. 3. Defocus profiles via multi-slice image simulation with two Eu atoms located at
different depths of (a) -5.48 and -10.62 nm, and (b) -5.48 and -7.19 nm.

Fig. 4. HAADF-STEM images at different defocus values of Eu doped Ca-a-SiAION of x =
0.6 No. 1 (a) and No. 2 (b) with averaged HAADF-STEM images, which are the averages of
30 images obtained at different defocus values. (c) Enlargement of column c in Fig. 4(a) at
each defocus level (nm).

Fig. 5. Contrast profiles acquired from through-focus HAADF-STEM images of Eu-doped
Ca-a-SIAION (x=0.6), in which (a-d) correspond to the arrows in Figs. 4(a, b).

Fig. 6. 3D Eu atom distributions for (a) x=0.6 and (b) x=1.2.

Fig. 7. (a) Real coordination system of Eu sites and (b) simulated coordination system and its
corresponding radial distribution functions.

Fig. 8. Radial distribution functions of the simulated coordination system (a) before and (b)

after conversion to the real coordination system.
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