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Distribution of solute atoms in 8- and spinel Sg_,Al,O,Ng_,
by Al K-edge x-ray absorption near-edge structure
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Local environments of solutes i8- and spinel §_,Al,O,Ng_, are investigated by means of Al x-ray
absorption near-edge structure. The experimental spectra are found to be the same throughout the wide solu-
bility range. This suggests that the local environments of Al are independent of the solute concentration.
First-principles band-structure calculations are systematically made to interpret the experimental spectra. Effect
of a core hole was included into the calculation. Theoretical spectra were obtained using variety of different
model structures constructed by a set of plane-wave pseudopotentials calculations in our previous study
[K. Tatsumi, I. Tanaka, H. Adachi, and M. Yoshiya, Phys. Re\6® 165210(2002]. The numbers of models
were 51 and 45 for botl8 and spinel, respectively. They are classified and averaged according to the local
atomic structure of Al solutes. The combination of experimental spectra and theoretical results can unambigu-
ously lead to the conclusion that Al atoms are preferentially coordinated by O atoms irBlaoit spinel
phases. This is consistent with the conclusion obtained by the first-principles total-energy calculations. In the
spinel phase, Al atoms are found to be located preferentially at the octahedral cationic site. This agrees with the
conclusion in a recent report on the nuclear magnetic resonance experiment.
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Silicon nitride—based ceramics have been widely studieeral theoretical works showed a similar tendency of the sol-
as high-temperature structural materials and gate dielectriagtes in SIAIONsS'4-17 Our calculations also suggested that
in microelectronic applications? The solid solutions of physical properties such as the band gap can only be ex-
SisN, with Al and O are denoted SIAIONs, of which the plained when such pairing is fully taken into account. Sekine
chemical formula is often given by SjAlLO,Ng_,.34 Their et al. reported?®Si MAS-NMR from the spinel phase, which
material properties are known to deviate from those gigi  implies a similar bond preferenée.
by the solution depending upon the content of the solutes, In this study, we aim to give a detailed analysis on the
i.e., thez number?® Dense 8-SIAIONs were successfully local structures of the solutes B and spinel SIAIONs using
synthesized without sintering additives using the hot isostati\l K x-ray absorption near-edge structUdANES). First
pressing method, and their physical properties weregorinciples calculations are systematically made to interpret
investigated. Their mechanical properties such as elasticthe spectra. AK XANES can reveal the chemical environ-
moduli were found to decrease linearly with increasmg ments around the solute Al atoms, because it reflects local
The lattice softening caused by the solutes is essentially imand partial density of states for unoccupipdike states
portant for their mechanical performance, enabling differenfaround excited Al atoms. To the authors’ best knowledge,
kinds of applications. The solution effects should be stronglythere have been no reports on XANES of the SIAION
related to the distribution of the solute atoms. However, onlyphases.
little is known about the distribution. As a new member of The maximum solubility of3-SiAION was reported to be
the SIAION family, a cubic spinel phase was recently syn-z=3.8. 8-SIAION samples were prepared z£0.23, 0.50,
thesized by high-pressure experimeéhtDistribution of sol- 2.0, and 3.0. They were chosen to represent both dilute and
utes in the spinel SIAION is interesting as well as that ofhigh concentration solid solutions. The sampleszef.23
ordinary hexagonal phases. and 0.50 were prepared by sintering of the mixture of com-

We have recently examined first principles energetics omercial ceramic powders of sbi,, AIN, and ALO3 in N, gas
substitutional solutes in3- and spinel SIAIONs using a with the pressure of 0.925 MPa and 1900 °C for 1 h. The
plane-wave pseudopotential calculati8ni/e found that Al high pressure of Nis necessary to minimize the decompo-
and O prefer to be bound at the nearest-neighbor sites whegition of SEN,. Samples withz=2.0 and 3.0 were prepared
they are dissolved in §\l,. The pairing of Al and O atoms by hot isostatic pressing of glass encapsulated samples at
has a benefit in energy by a few tenths of eV per an Al-O170 MPa and 1800 °C for B.” Powder x-ray diffraction
pair. The theoretical result is consistent with previous experistudy found that the only crystalline phase in these samples
mental studies using’Al and ?°Si magic-angle-spinning was 8-SIiAION. It is known that the surface of silicon nitride
nuclear magnetic resonan@dAS-NMR).1*"13These studies powder is easily oxidized. In our experience, however, the
concluded that Al-O and Si-N bonds are predominant. Sevsurficial silicon oxides can be easily distinguished from that
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of SIAION by the SiK XANES when SiAIONs are oxidized /5. ,ALONg.;
at high temperatures. The present SiAIONs samples did not
show any peaks of the silicon oxides, confirming the absence 2=0.23
of detectable amount of surface oxides. Cubic-spinel-type
SIAIONs were synthesized by the shock compression
techniqué The samples are identical to those of Ref. 8.
Compositions of the samples weze 1.8 and 2.3.

Al K XANES are collected in a total electron yield mode
at room temperature using a KTIORQKTP) two-crystal
monochrometer at the BL1A of the UVSOR, Institute for
Molecular Science, Okazaki, Japan. The energy width of the
monochromatized beam is 0.5—-0.6 ¥ Commercial pow-
ders of wurzite-AIN (w-AIN) and corundum-AlO; (cr-
Al,O;) were also measured as references. All samples are AN
well ground and mounted on adhesive carbon tapes in order
to avoid surface charging.

In order to interpret the experimental KI XANES from
SIAIONSs, theoretical calculations of XANES were made us-
ing theab initio orthogonalized linear combination of atomic
orbitals (OLCAQO) method® with local approximation to the
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density functional theory. The method has been confirmed to —— 550
reproduce the experimental XANES satisfactorily in a num- PHOTON ENERGY (eV)
ber of wide-gap compound8-2¢ A rigorous scheme to in- FIG. 1. Experimental AK XANES from 8-SiAIONs (with z

clude the core-hole effect as implemented in the OLCAO=0.23, 0.50, 2.0, and 3.Gand two reference compounds;AIN
method is mandatory for such quantitative reproduction ofandcr-Al,O3.
the experimental spectfl.In the present calculations, 42-
atom and 56-atom supercells 6+ and spinel SIAIONs were spectrum can be made. Figure 2 shows the results for two
adopted. These supercells correspond toxal X 3 array of  reference compounds-AIN and cr-Al,03. The theoretical
unit cell of 8 and a conventional unit cell of spinel, respec- results reproduce the spectral shapes well. The experimental
tively. The atomic structure is optimized within the unit cell chemical shift of the first peaks as denoted by short solid
in our previous calculation®. This structure is expanded to lines is 4.1 eV. The theoretical spectra show reproduction of
be a supercell. It is confirmed that the main peak positions ithe energy shift within an accuracy &f0.1 eV. Since the
theoretical XANES are not altered when larger supercells. theoretical calculation can reproduce the experimental
The theoretical intensity of XANES is obtained from the chemical shifts with such accuracy, the experimental peak
calculation of the dipole transition matrix between groundposition of the SIAION spectra can be quantitatively com-
and final states. & points in the whole Brillouin zone of the pared to the theoretical peak positions. The comparison
supercell were used in the spectral calculation. The finashould lead to real local environments of the solute Al.
spectrum was broadened by a Gaussian function with a full In Fig. 3, we compare the theoretical spectra of
width at half maximum(FWHM) of 1.0 eV. We do not pre- B-SIAIONs with the experimental ones. In our previous
fer to use the broadening factor as means to improve thetudy, we have examined all possible solute arrangements of
agreement with the experimental spectra. Real solutes are BIAIONs within the unit cell composed of 14 atoms. They
various atomic arrangements, which make apparent peakere altogether 29 different kinds of cells for six solute con-
broadening in the experimental spectra. This cannot be congentrations(z=1,2,...,6. In the present study, two new
puted completely within the number of our calculated mod-cells atz=6 were added to the previous 29 cells. Among
els. The transition energy of the theoretical spectrum wag9+2=231cells, we have chosen three cells with first, second
obtained from the difference of the electronic total energiesaind third lowest formation energies at eaclfor the Al K
of the supercell at the final and ground states. XANES calculations. The number of cells examined was 3
Figure 1 shows the experimental A XANES from  X6=18. Since some of structures include multiple Al sites
B-SIAIONs and two reference compounds. Two points areof different crystallographic symmetry, there were totally 51
noteworthy in Fig. 1. First, the spectral shapegBeBiAIONs  different Al sites in the 18 cells. The XANES calculations
are almost the same for all the compositions. This suggestwere made for all of these 51 Al sites using supercells com-
that local environments of Al are similar from¥0.23 to 3.0.  posed of 42 atoms, i.e.,Xd1 X 3 array of the unit cell. The
Second, clear chemical shifts amongAIN, cr-Al,O5;, and 51 spectra were classified and averaged according to the lo-
B-SIAIONs can be found. The first peaks of SiAIONs arecal coordinations of the excited Al atoms. The number of
located at the middle of those ®f-AIN and cr-Al,O3. It is  different spectra were 1, 5, 18, 20, and 7 for AIMION3,
higher by 1.7 eV than that of-AIN and 2.4 eV lower than AIO,N,, AlO5, and AlQ,, respectively. Figure 3 shows five
that of cr-Al,Os. In order to investigate these features, wetheoretical spectra by averaging them within the same class
obtained theoretical spectra by a first-principles method. of AIO,N,_, (n=0,1,...,4. The theoretical transition en-
Before examining the theoretical results of SIAIONs, weergy was calibrated in such a way that the first peak of the-
have examined how well the reproduction of experimentabretical spectra ofv-AIN is set at the experimental spectrum
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FIG. 2. Theoretical spectra of-AlN and cr-Al,O; are com-
pared with the experimental ones. The theoretical transition energ;/<
is shifted so that the first peak of the theoretical spectruraviaiN A
is aligned with that of the corresponding experimental spectrum.

FIG. 3. Comparison of experimental and theoretical Kl
NES from B3-SiAIONs. The experimental spectra are represented
by the case 0£=3.0. The dashed line shows the energy correspond-
ing to the experimental first peak position. The label for each the-
oretical spectrum as Al(N,_, indicates the local coordination of Al

of w-AIN. The theoretical first peak moves toward higher .
atoms in the 42-atom supercell.

energy by 3.3 eV from Al to AlO,. Among the collected
theoretical spectra, the standard deviation of the first peal{ged within the same classes. The left panel shows theoreti-
positions is<0.4 eV within each group of AIQ,N,. cal Al K spectra fromO sites, while the right shows those

The experimental first peak g8-SIAION is located in  from T sites. The transition energy was calibrated a method
between those of the theoretical spectra of MiGand AlO,.  identical to that used in Fig. 3.
As seen in Fig. 1, this peak position does not change with the The major features of the experimental spectra are de-
solute concentration. These results imply that Al solutes imoted by labels A, B, and C. Theoretical spectra for both of
B-SIAIONs are preferentially coordinated by O solutes inde-the sites show chemical shifts toward higher energy with an
pendently of the solute concentration. Major local coordinadincrease in the number of coordinating oxygen. The first
tions of the solute Al are therefore interpreted to be MO peak of the theoretical spectra ©fsites as denoted by short
and AlG;,. This is consistent with the conclusion of our pre- solid lines shows chemical shifts by 2.8 eV from AlXb
vious study showing that Al-O and Si-N bonds are clearlyAlOg. The standard deviation of the peak positions is
preferred inB-SIAIONs ! It should also be noted that the <0.5 eV among the spectra within each class of AlM,.
theoretical spectra for AlgN and AlO, can reproduce the The position of peak A agrees better with the results of AIO
experimental spectral shape quite satisfactorily. This coner AIOgN. A similar chemical shift can be found in the the-
firms the validity of our theoretical models. oretical spectra of sites. However, the shape of tkesite

The Al K XANES of spinel SIAIONs are analyzed in a spectra, especially presence of peak B, is in better agreement
similar way. The experimental spectra for two spinel samplesvith the experimental spectra than that of thsite.
are shown in the upper panel of Fig. 4. Theoretical spectra Looking at the trends in th®-site spectra, one can find
are shown in the same figure. As the cas@®iAIONs, the that the areal ratio of peak A to peak B increases with the
atomic arrangements on the unit cell composed of 14 atomisicrease of the oxygen coordination. The experimental spec-
were obtained in our previous stuth42 different kinds of tra are best reproduced when Al@r AIOsN are adopted.
cells were examined in that study. Among them, 18 cells withNot only the first peak position but also the spectral shape
low formation energies were chosen. A spinel-type crystabtrongly implies that Al atoms tend to occupy tlesites,
structure has two kinds of cationic sites. It possesses 8 tetrand they prefer to be coordinated by O atoms, not by N
hedral(T) and 16 octahedrdlO) sites in a conventional unit atoms. The result from XANES is consistent with our previ-
cell. There were 45 different Al sites in the selected 18 cellspus calculations, as is the case ®SIAIONs. Sekineet al.
XANES calculations were made for the 45 different sitesreported the?®Si MAS-NMR spectra from spinel SiAIONS.
using supercells composed of 56 atoms. Similar to the cas€hey concluded that Al occupie3 sites and is coordinated
of B-SIAIONSs, the theoretical spectra are classified by theby six oxygen atom8.The present XANES results are also
local coordination of the excited Al atoms. They are aver-consistent with the NMR results. In our previous calcula-
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EXPERIMENTAL Finally, major results are summarized as follows:

(1) The shapes of the experimental spectra of
B-Sig_,Al,O,Ng_, were unchanged frore=0.23—-3.0, which
suggests the local environments of Al are independent of the
composition.
© (2) The present first-principles calculation was found to
- reproduce not only the spectral shepes but also the chemical
PHOTON ENERGY (V) shifts of reference materials quantitatively well.

THEORETICAL | THEORETICAL (3) Theoretical XANES spectra fgB-SiAIONs were ob-

Ossites * Tsites tained using 51 different model structures constructed by a
set of plane-wave pseudopotentials calculations in Ref. 10.
They were classified into 5 groups as denoted by &IQ,
(n=0,1,...,9. Theoretical spectra were averaged within the
same classes.

(4) The position of the first peak indicated that Al solutes
in B-SIAIONs are coordinated preferentially by O solutes,
i.e., major local environments are expressed by AlGnd
AlO,. Good agreements between the spectral shapes of the
theoretical and the experimental spectra can also be found
when the results of AIGN and AlO, were used. This result
is consistent with the conclusion of Ref. 10 by theoretical
calculations that show a strong preference of Al-O bonds.

(5) Al K XANES experiments and theoretical calculations
were made also for spinel SIAIONs. 45 different model
structures were used. We can conclude that Al solutes are

= T 5o E0 =% o0 preferentially present at th® sites of the spinel structure.
TRANSITION ENERGY (V) TRANSITION ENERGY (eV) Both the magnitude of the chemical shift and the spectral

FIG. 4. Comparison of experimental and theoretical Kl  shape imply that the local environment of Al is close to
XANES from spinel SiAIONs. Dashed lines show the position cor- AIOgN and AlG;. This result is also consistent with the con-
responding to peak A of the experimental spectra. clusion of Ref. 10.
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