Tonkie Khimicheskie Tekhnologii = Fine Chemical Technologies.
2025;20(4):324-343 ISSN 2686-7575 (Online)

Chemistry and technology of inorganic materials

XMUA N TEXHONOINS HEOPraHMYEeCKUxX MaTepmasos

UDC 546.62+535.376
https://doi.org/10.32362/2410-6593-2025-20-4-324-343 S)sy |
EDN KEDCJH

REVIEW ARTICLE

Aluminum oxynitrides doped with rare-earth
and transition metal ions

Nailya S. Akhmadullina'*, Aleksey V. Ishchenko?
' 4.A. Baikov Institute of Metallurgy and Material Science, Russian Academy of Sciences, Moscow, 119991 Russia
2 Ural Federal University, Yekaterinburg, 620062 Russia

™ Corresponding author, e-mail: nakhmadullina@mail.ru

Abstract

Objectives. The work set out to summarize the results of the studies of aluminum oxynitrides (AIONs) doped with rare earth (REM)
and transition metals (TM) and to highlight the main effects of REM and TM dopants on the formation, phase composition, and optical
properties of the AION.

Results. The presented analysis of the literature data includes the results of our own studies of the AION doped with REM and TM ions.
The influence of REM and TM additives on the formation of AION and its phase com position, as well as optical properties, was
considered.

Conclusions. It is clearly shown that the doping with REM and TM ions enhances the formation of pure AION phase via high-temperature
synthesis from oxide and nitride. The oxynitride matrix exhibits reducing properties with respect to both REM and TM. Doping with the
REM ions leads to the emergence of luminescent properties in the visible range, while doping with TM ions affects the band gap in AION
as a semiconductor. The solubility limits of all metals in the AION matrix do not exceed 1-2 at. % vs Al. Concentration quenching
of luminescence is observed at REM contents from 0.1 to 0.5 at. %.
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AHHOTaUuS

COCTaB M ONTHYECKHE CBOMCTBA.

HaOmonaetcs npu coaepxkanun P3M ot 0.1 10 0.5 at. %.

KniouyeBbie cnoea

(ha30BbIif COCTaB, PACTBOPHMOCTb, IFOMUHECIICHIINS

Anga uuTnpoBaHusa

OKCUHUTPUJ aJITFIOMUHUSA, PEAKO3EMEIIbHBIE METAJIIBI, IEPEXOAHBIC METAJLIbI,

Heaun. O600mHUTE pe3yabTaThl HCCIIEI0BAaHUIT M ChOPMYINPOBATH OCHOBHBIE 3aKOHOMEPHOCTH BIIMSHHS HOHOB peiko3eMenbHbIX (P3M)
u iepexonsx Merayuios (IIM) Ha hopmupoBanue, Gpa3oBEIif cOCTaB U ONTHYECKHE CBOMCTBA OKCHHUTPHU/IA ATIOMHUHHUS (aJI0HA).

Pesynbrarsl. [IpoBeieH aHANIM3 JIUTEPATYPHBIX JAHHBIX, BKIIOYAs PE3yJIbTaThl COOCTBEHHBIX MCCIICOBAHUI aBTOPOB, KACAIOIIUXCS
aJoHOB, JerupoBaHHbIX HoHaMu P3M u I[IM. Paccmotrpeno BiusiHre no6aBok P3M u [IM Ha dopmupoBanue amoHa U ero (pa3oBbId

BoiBonbl. YcranosieHo, uto BBeaeHne noHoB P3M u [IM criocoGcTByeT 06pa3oBanuio (Gasbl ajJoHa MPU BHICOKOTEMIIEPATyPHOM CHHTE-
3€ U3 OKCHJa M HUTpUaa amroMuHus. OKCHHUTPHHAS MaTPUIlA MPOSIBIISIET BOCCTAHOBUTENbHBIE CBOMCTBA Kak B OTHomeHHn P3M, Tak
u [IM. JlerupoBanue nonamu P3M nmpuBOAMT K MOMYyYEHUIO MaTe€pUasioB, 00T alONINX JTIOMUHECLICHTHBIMU CBOHCTBAMH B BUANMOM
nuanasone. Jlerupoanue nonamu [1IM BausieT Ha IMPUHY 3aMIpELIEHHOMN 30HBI aJ0HA KaK MOIynpoBoAHUKA. [Ipenens! pactBopumocTu
BCEX METAJJIOB B MaTPHUIIE aJlOHA HE MPEBBIAIOT 1—2 aT. % OTHOCUTETBHO aTIOMHHUS. KOHIIEHTpaIllMoHHOE TyIIeHNE TIOMHHECLEHITH
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INTRODUCTION

Aluminum oxide in its trigonal modification a-Al,Os,
also known as corundum, has found wide application
due to its thermal and chemical resistance, as well as
desired physical and mechanical characteristics of
hardness and strength [1]. The next generation material
in relation to aluminum oxide is aluminum oxynitride,
otherwise called AION. AION has been known since
about 1960—1970, when the phase diagram of the pseudo-
binary AIN-Al,O, system was fully described [2-5].
The classical phase diagram of this system, which is
constructed under the assumption that the atmosphere is
a nitrogen current, was first presented in [6]. According
to these data, AION is a solid solution in the AIN-Al,O,
system with a rather wide region of homogeneity. The
v-AION phase has a spinel-type crystal structure (space
group Fd3m). As a phase of variable composition
Algy 4 305, N, (0 <x <8), it is usually considered in
the model of constant anions, as proposed by

McCauley [3]. Its stoichiometric composition in this
case (at x = 5) is defined by the formula Al,;0,,Ns
(SAIN-9A1,05). In this model, it is assumed that the
anionic positions are completely occupied by oxygen
and nitrogen in the crystal lattice of the spinel phase,
while the cationic positions are occupied by aluminum
and contain vacancies. Comparatively recent quantum-
chemical modeling has confirmed the assumption of this
type of structure as the most probable [7]. The indicated
composition corresponds to the content of AIN
35.7 mol % and Al,O, 64.3 mol %. Another frequently
attributed composition, which is described by the formula
AlO(N (AIN-2Al1,0;), corresponds to the content of
AIN 33.3 mol % and Al,O; 66.7 mol %. The exact
composition depends on the initial components and the
method of synthesis. In addition to y-AION in the
system, there are a number of mixed oxide-nitride phases
in which aluminum nitride predominates and which are
thus considered as AIN polytypes: 27R (7AIN-Al,0O,),
21R (5AIN-AL0;), 12H (4AIN-Al,O;) and others
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(symbols R and H denote thombohedral and hexagonal
phases, respectively). On the other hand, there are
oxonitride phases of composition Al;;0;sN (¢'-AION,
AIN-5A1,05) and Al,,O5,N (¢-AION, AIN-13A1,0,).

Among all these phases, it is y-AION that inherits
the high thermal and chemical stability and strength
of corundum, adding to them resistance to high-speed
loading, due to which it has attracted the attention of
researchers over the last five decades [8, 9]. Among
the many applications of alumina are the production of
transparent ceramics [5] and its use as a phosphor matrix
for the fabrication of light-emitting diodes (LEDs),
including white light-emitting diodes (WLEDs) [10],
which  currently demonstrate longer lifetimes,
higher light output and lower power consumption
as compared to other light sources, as well as being
more environmentally friendly [11-13]. Currently,
commercially available WLEDs can be fabricated by
combining an InGaN chip with emission in the blue
range of the spectrum and a yellow phosphor Y;AlO,,
(YAG:Ce) phosphor [14]. However, this type of WLED
has a low color rendering index and high correlated color
temperature (CCT) due to the lack of sufficient emission
in the red region [15, 16]. To solve this problem, WLEDs
based on tri-color phosphors and LEDs emitting in the
near ultraviolet (UV) region have been developed. This
approach is considered to be the most promising because
due to the excellent color rendering and low CCT
demonstrateed by WLEDs at high efficiency [17, 18].
The search for new luminescent materials that provide
luminescence in the red, blue and green spectral regions
is relevant.

AION in powder form is usually obtained by reaction
between AIN and AL, O, powders with some additives.
This reaction can be accomplished by plasma arc
synthesis, carbothermal reduction, or self-propagating
high-temperature synthesis [5, 19-21]. For fabrication,
the resulting AION powder is molded and sintered at
temperatures >1850°C for a long time in a nitrogen
atmosphere (by pressureless sintering) and by hot
pressing, hot isostatic pressing, or reaction sintering [22].
The use of transient liquid-phase sintering, in which the
material moves from the liquid/solid state region to the
solid solution region as the liquid reacts with and is
incorporated into the AION phase as it compacts, has
also been investigated [5, 23].

Aluminum oxynitrides doped with REM ions

Aluminum oxynitride can be doped with various
metal ions to impart certain properties. Doping with
REM ions is used to improve physical and mechanical
properties, as well as to impart luminescent properties
to AION. In particular, the incorporation of Y3 and

La’" ions into AION contributes to the densification of
the material at the sintering stage [24—30]. Martin et al.
used 0.5 wt % Y,0; as a sintering additive to densify
and enhance the homogeneity at the microstructure level
of AION by hot pressing [25]. Similarly, Wang et al.
prepared transparent AION ceramics (2 mm thick)
using 0.12 wt % Y,05 and 0.09 wt % La, 0, as sintering
additives, achieving a transmittance of ~84% at 1100 nm
for a 4.2 mm thick sample after hot isostatic pressing
for 2 h at 1900°C [26]. Nevertheless, this ceramic is
characterized by large grains because at this temperature,
grain growth is not only due to compaction but also
stimulated by additives [27]. The developed method was
further improved [29], and transparent AION ceramics
with similar characteristics were obtained with lower
content of sintering additives—0.08 wt % Y,O, and
0.02 wt % La,0O;. Addition of extra 0.2 wt % MgO
allowed obtaining compact material from AION powder
by pressureless sintering at 1900°C for 24 h, and the
relative density of the obtained sample amounted
to 99.9% [30]. Jin et al. also sintered AION without
pressure using 0.08 wt % Y,05, 0.025 wt % La,0,, and
0.1 wt % MgO as additives. The resulting 1 mm thick
sample had a transmittance of ~81% at a wavelength of
1100 nm [25].

The inclusion of other REMs into the composition of
AION, as well as certain TMs, primarily Mn?", is used
to impart luminescent properties to the sample [31, 32].
Doping with Eu?" ions allows the preparation of blue-
green light phosphors. Kikkawa et al. [33] reported
the synthesis of AION:Eu?" phosphors via ammonia
nitriding of aluminum oxide prepared from aluminum
nitrate by sol-gel method with the addition of europium
nitrate. The synthesis included nitriding steps, which
were carried out at 1200—1500°C, and post-annealing
in a nitrogen current at 1700°C. Powders with Eu?"
content of 1 and 3 mol % showed two maxima in the
photoluminescence (PL) spectrum at 475 and 520 nm,
whose source was presumably the EuAl,O, phase.
Subsequently, co-alloyed phosphors of the composition
AION:3% Eu?*/10% Mg?" were obtained by solid-phase
synthesis directly from commercial Al,O, and AIN
powders by firing in a nitrogen current at 1800°C [34].
The obtained phosphors exhibited a broad emission
band in the PL spectra in the range of 430-620 nm
with a maximum around 490 nm at the excitation
wavelength of 310 nm. It was clarified that the main
europium-containing phase in the samples of AION
doped with Eu?" ions is the europium aluminate phase
of the composition EuAl;,0,y. Samples with similar
composition and properties with Eu** content of 0.6%
and 0.8% were prepared by carbothermal reductive
nitriding of aluminum oxide [35]. The obtained samples
were effectively excited by UV light with a wavelength of
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350—410 nm and had an emission band in the PL spectrum
with a maximum around 495 nm. The authors also
determined the dynamic characteristics of luminescence
and studied the dependence of luminescence intensity
in the temperature range from 80 to 500 K. The effect
of thermal quenching of luminescence was observed in
the range of 200-500 K. Similar results were obtained
in [36]. AION:x%Eu (x = 0.25-1.00) phosphors showed
two main emission bands in the PL spectrum with
maxima at 410 and 475 nm. The intensity of the 475 nm
band reached a plateau at x = 0.25% and above, probably
due to reaching the solubility limit of the Eu?* ion in the
AION matrix. The intensity of the 410 nm band increased
linearly with increasing Eu®* content, which was mainly
due to the contribution of the EuAl,,0,, phase.

In previous works, we carried out detailed studies
of pulsed cathodoluminescence (PCL) as well as PL
for a wide range of luminophores based on AIN doped
with REM ions. A synthesis method based on the
interaction of amorphous highly dispersed Al,O; with
AIN in a pressureless nitrogen current at a temperature of
1600-1750°C was developed. Amorphous highly
dispersed Al,O; was prepared by controlled hydrolysis
of aluminum isopropoxide Al(OiPr), in an isopropanol-
water mixture in the presence of citric acid with the
addition of magnesium acetate (Mg>* content is <1 at. %
relative to aluminum) followed by drying and annealing
in air. The use of Al,O, obtained in this way avoids the
need for increased nitrogen pressure (a small current
of N, at a pressure of 1 atm is sufficient) to achieve a
decrease in the synthesis temperature by a value from
100 to 350°C, as well as to reduce the time of high-
temperature processing to 1-2 h. Furthermore, the
doping ion (or ions) can be introduced in the form of
water- or organosoluble compounds at the stage of
aluminum isopropoxide synthesis, allowing, in some
cases, to solve the problem of poor homogenization of
the mixture at low contents of doping ions. Using the
developed method, AION doped with Eu?*, Ce3* [37] and
Tb3" ions [38], as well as those doped with Eu?"/Ce3",
Eu?*/Tb3*, and Ce>*/Tb3" ion pairs, were synthesized [39].

Eu?* and Ce*" doped AION were prepared by two
methods: using as a source of REM ions the corresponding
oxides added to a mixture of amorphous highly dispersed
Al,O5 and AIN, and the use of REM acetylacetonates
for doping Al,O,, which was further subjected to high-
temperature sintering in a nitrogen current in a mixture
with AIN [37]. The Eu®' content varied in the range of
0.025-1.0 at. % and Ce>* content varied in the range of
0.025-0.2 at. %. The annealing was carried out at 1600°C
for 2 h. All obtained AION:REM samples are mixtures
of aluminum oxynitride Al;O(N, corundum a-Al,O,
and impurities AIN and REM aluminates. The content
of these phases depends on the concentration and nature

of the alloying ions and the synthesis procedure. When
AION:REM is obtained directly from Al,O5, AIN, and
Eu,0; or CeO, at all concentrations of REM ions, the
content of impurity phases does not exceed 57 vol %.
On the contrary, in the case of pre-doping of Al,O; with
REM acetylacetonates at low concentrations of Eu?"
and Ce’", the phases of Al,O, and AIN are minor, but
they cannot be considered as impurity phases, since their
content reaches tens of vol %. When the concentrations
of Eu?" and Ce3" increase to a certain level (0.2 and
0.1 at. %, respectively), the content of minor phases
sharply decreases. For the series obtained using Eu,O,
and CeO,, the lowest impurity content is observed at
close Eu?" and Ce*' contents, respectively, and the
impurity content is markedly lower compared to the
series obtained using Eu(acac); and Ce(acac);. With
further increase in Eu?" and Ce3" concentrations, the
formation of REM aluminates EuAl,,0 4 and CeAl,,0
is observed. The formation of (REM)Aley is usually
accompanied by an increase in AIN content. It can be
assumed that the figurative point shifts to the region
of ternary systems AION + CeAl;,0,,/EuAl,04 +
AIN as a result of Al,O; consumption for the formation
of (REM)Aley.

The PCL spectra of the series samples obtained using
Eu,0; and Eu(acac), are presented in Fig. 1. For both
series, broad bands of complex shape with maximum
in the range of 422—-505 nm are observed depending on
the Eu" concentration and precursor type. The highest
intensity in both series is exhibited by samples with
Eu?" content of 0.5 at. %. The PCL spectra of samples
with Eu?" concentration of 0.4, 0.5, and 1.0 at. % have
a flat top due to saturation of the photodetector during
measurement (Fig. 1a).

The PCL spectra of the series samples prepared using
Eu,0; show pronounced d—j/-luminescence bands of
Eu?" with a maximum in the region of 495-510 nm
at Eu?* concentrations from 0.4 to 1.0 at. % (Fig. 1a).
When the Eu®' concentration increases from 0.025
to 1.0 at. %, the maximum of the luminescence band
undergoes a bathochromic shift due to the increase in the
Eu?" luminescence intensity against the background of
the intrinsic broadband luminescence bands of AION and
impurities a-Al,O5 [40] and AIN [41], whose maxima
lie in the range of 400-420 nm. The PCL spectra of a
series of samples obtained using Eu(acac), differ from
those discussed above (Fig. 1b). The emission intensity
of the samples prepared using Eu(acac); is lower than for
the samples synthesized using Eu,O,. With increasing
Eu?* concentration, the highest luminescence intensity
is observed at an Eu?" ion content of 0.5 at. %, as
for the samples prepared using Eu,Os; however, the
d—f-luminescence bands of Eu?" appear as a broad band
shoulder with a maximum around 450 nm. The latter
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Fig. 1. Pulsed cathodoluminescence (PCL) spectra of Eu?*-doped AION prepared with Eu,0; (2) and Eu(acac); (b).
The concentration in at. % of Eu ions is shown near the curves (reprinted from [37])

may be due to defects in the crystal structure of AI;O(N,
which are vacancies in the anionic sublattice and Oy-
and (V,-Oy)-type centers [42]. It is also contributed by
the intrinsic emission of impurities a-Al,O; [40] and
AIN [41].

The PCL spectra of a series of samples obtained
using Eu,O; at Eu?" content less than 0.1 at. % and
those of all samples obtained using Eu(acac); can
be described as the sum of emission bands of AIN
(400, 475, and 600 nm [41]) and F-centers in o-Al,O,
(410-420 nm) [40]. It can be assumed that similar defects
exist in AI;ON.

A comparatively recent theoretical study of the
geometrical and electronic structure and its relation to the
optical properties of y-AION doped with Eu?" ions has
been performed [43]. The calculations were performed
using the CASTEP software package!. The model of
permanent anions was used for the AION structure [3].
Eu?* anions can occupy one of 4 possible positions:
tetrahedral positions V,,0, and V,,0;N and octahedral
positions V, O, and V,,0;N. Calculations have shown
that for Eu®' ions the octahedral positions of V05N
are preferable. The lattice parameters and primitive cell
volume of Eu Al,; O,,Ns increase with increasing
Eu?* content. In the calculated absorption spectrum of
PL Al,;0,,N; doped with Eu?*, an intense band in the
range 275-425 nm with a maximum at 335 nm was
observed, which was attributed to electronic transitions
4f7—4£°5d" in the Eu®' ion, and the position of which
agrees quite well with the experimental data. However,
it should be taken into account that calculations in the
framework of the density functional theory lead to a

I https://www.castep.org/. Accessed June 11, 2025.

systematic underestimation of the optical gap width. In
this case, the calculations gave a value of 4.03 eV for the
unalloyed AION, while the experimentally determined
value is 6.2-6.5 eV [44, 45].

The PCL spectra of a series of samples obtained using
CeO, and Ce(acac), [37] are shown in Figs. 2a and 2b.
For both series, a broad band of complex shape with
a maximum around 450 nm is observed. The highest
luminescence intensity is achieved for the samples with
0.1-0.15 at. % Ce" in the series of samples obtained
using CeO, and for the sample with 0.125 at. % Ce3*
in the series of samples obtained using Ce(acac),
(Fig. 2c and 2d). In the spectra of the samples obtained
using CeO,, a pronounced Ce’" d—f-luminescence
band with a maximum around 450 nm is observed at a
Ce?" content of 0.1-0.2 at. %. At the same time, for the
samples obtained using CeO, having Ce" content less
than 0.1 at. %, the PCL spectra are similar to those of
the series samples obtained using Eu,05 and Eu(acac),,
with Eu* content less than 0.1 at. %. This means that
the luminescence centers in all these samples are of the
same nature.

In general, the highest PCL intensity is observed for
Eu?*-doped samples, in particular, at a Eu** content of
0.5 at. %. The PCL intensity of Ce>" doped samples is
significantly lower (up to an order of magnitude). The
use of oxides as a source of REM ions gives better
results as compared to the use of the corresponding
acetylacetonate complexes.

It should be noted that Ce®" is rarely used as an
independent luminescence activator in oxynitride
matrices; however it is much more often used as a
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Fig. 2. PCL spectra of Ce**-doped AIONs prepared with CeO, (a) and Ce(acac), (b). The concentration in at. % of Ce ions is shown

near the curves (reprinted from [37])

sensitizer, primarily for Eu?* and Tb?" ions (see below).
Photoluminescent and radioluminescent properties
of AION doped with Ce3" ions are described in [46].
AION, whose composition is described by the authors
as AlO ¢¢N, 43:Ce,, where x = 0.005, 0.01, was obtained
by firing mixtures of Al,O; and AIN with the addition
of Y,05 as a sintering additive and CeO, in a nitrogen
current at 1780°C for 2 h. Transparent samples were
obtained by cold isostatic pressing of the obtained
powder followed by sintering at 1900°C. The excitation
spectra of the samples show an PL absorption band with
a maximum around 325 nm and the emission spectra
show a band with a maximum around 405 nm. lonization
scintillation in the obtained samples was confirmed
using a 137Cs (661 keV) radiation source; however, the
large width of the forbidden zone and insufficient Ce3"
concentration, according to the authors, lead to a low
light output. In general, the obtained results confirm the
low efficiency of Ce** ions as luminescence activators in
AION. The actual composition of aluminum oxynitride
is not clear from the work, since the composition of
AlO 46N 43 does not correspond to either y-AION or
one of the other phases described in the pseudo-binary
system AIN-AI,O,. Moreover, the claimed composition
does not correspond to the given loadings of initial
components either.

Active studies into the luminescent properties
of AIONs doped with Tb3" ions have been focused
on obtaining phosphors with luminescence in the
green region of the spectrum. Being an effective
luminescence activator, Tb>* is most often used in pair
with some sensitizer, typically Ce>*. The reason is the
high cost of terbium, which, in many cases, makes its
independent use economically unfeasible. Thus, [47]
studied the properties of AIONs doped with Tb3*

(as well as co-doped with Tb>* and Ce?") prepared by
reductive nitriding of mixtures of Al,O,, CeO,, and
Tb,O, oxides and aluminum nitride AIN. The authors
found that in AION:Ce" samples the concentration
quenching of photoluminescence starts at Ce>"
concentration above 1 at. %, while for Tb3* the critical
concentration is 0.5 at. %. In the absorption spectra of
AION:Tb3", two main bands at 270 and 300 nm are
observed, corresponding to the spin-resolved transition
4f8—4f754" in the Tb>" ion. There are 4 narrow intense
bands in the emission spectrum corresponding to the
transitions from the °D, level to the "F (485 nm), 'F
(543 nm), ’F, (580 nm), and "F; (619 nm) levels in the
Tb>* ion.

We also synthesized AIONs doped with ions Tb3* [38].
Samples with Tb*' content from 0.025 to 0.5 at. %
relative to aluminum were obtained by two-hour roasting
in a nitrogen current of mixtures of amorphous highly
dispersed Al,O5, AIN, and Tb,O;. The study of the phase
composition of the obtained samples showed that AION
is the main phase in all cases. In samples with Tb>"
content of 0.025, 0.1, and 0.5 at. %, a nitrogen-enriched
AION phase of Al,O;Ns composition is identified (in
insignificant amounts). At Tb3" content of 0.1 at. % and
more, the formation of impurity quantities of phases of
corresponding perovskite TbAIO, and garnet Tb;ALO |,
aluminates is noted.

The PCL and PL spectra of the obtained AION
samples doped with Tb3" ions with terbium content
from 0.025 to 0.5 at. % are presented in Fig. 3. Ata Tb3"
content of 0.025 at. %, two broad bands with maxima
around 400 and 595 nm are observed in the Fourier-
transform infrared spectra, which can be attributed to
the luminescence of defects in the impurity phase of
AIN [41]. In other samples, the AIN content is lower
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(or it is not identified at all), and the described bands are
not detected in the PCL spectra.

In the PCL spectra of all other AION:Tb3" samples,
a series of bands corresponding to the intra-center
electronic f—f transitions in Tb3" ions are observed,
having maxima around 380, 415, 438, 457, 488, 541,
586, and 621 nm. In particular, the bands with maxima
around 488, 541, 586, and 621 nm correspond to
5D4—>7F , transitions, J = 6, 5, 4, and 3, respectively,
while the bands with maxima around 380, 415, 438,
and 457 nm correspond to >D;—’F, transitions, J = 6,
5, 4, and 3 [48, 49]. The band with a maximum at about
541 nm corresponding to the °D,—F transition has the
highest intensity in the PCL spectra, while the band with a
maximum at about 457 nm corresponding to the D, —F,
transition is extremely weakly expressed. The maximum
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integrated luminescence intensity of AION:Tb3" samples
is achieved at a Tb3" ion concentration of 0.2-0.4 at. %.

The PL emission spectra of AION:Tb3" samples
show all the bands recorded in the PCL spectra (Figs. 3b
and 3c¢), as well as an additional unresolved PCL band
having a maximum around 470 nm, which can be
attributed to the “D;—F; transition. The PL excitation
spectra (PLE) reveal a number of bands with maxima
around 220, 230, 260, and 285 nm, which can be
attributed to the 4/ 8—4f 754" transitions in Tb3" ions.

In the PL emission spectra, the probabilities of the
’D,—’F; and °D,—F electronic transitions differ as a
function of the excitation wavelength (Fig. 3b, curves /
and 2). The PLE spectra also behave in a similar way.
When the PLE spectra are recorded for the 543 and
415 nm bands, the profile of the spectra changes. The band
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Fig. 3. (a) PCL emission spectra of AISO()N:Tbyr samples with a Tb3" content ranging from 0.025 at. % to 0.5 at. %;

(b) photoluminescence (PL) and photoluminescence excitation (PLE) spectra of an AlSO()N:Tb3+ sample with a Tb3* content

of 0.1 at. % (/ and 2 are the PL spectra upon excitation at 231 and 220 nm; 3 and 4 are the PLE spectra for luminescence bands

at 543 and 415 nm); (c) PL and PLE spectra of an AlSO()N:Tb3+ sample with a Tb3* content of 0.4 at. % (5 and 6 are the PL spectra
upon excitation at 233 and 270 nm; 7 is the PLE spectrum for the luminescence band at 543 nm) (reprinted from [38])
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with a maximum around 220 nm becomes dominant in
the PLE spectra for the °D,—’F, transitions, while for
the 5D3—>7F , transitions the band has a maximum around
230 nm (Fig. 3b, curves 3 and 4).

The PL and PLE spectra of samples with high Tb3"
content have some differences. Thus, the PLE spectrum
of the AION:0.4 at.% Tb sample (Fig. 3c, curve 7)
is also caused by the 4f8—4f75d" transition (spin-
allowed transition ’F,—7D ) in Tb** ions, but differs
by the presence of an intense excitation band with a
maximum around 270 nm, which is related to the spin-
allowed transition 7F6—>9D » and a broad structureless
region in the range of 300400 nm. The narrow bands
in the PL spectra of AION:0.4 at. % Tb are also due to
the °D,—’F ; and ’D;—F , transitions in Tb3" ions. The
broad band with a maximum near 400 nm may belong to
the intrinsic luminescence of AION or the luminescence
of the AIN impurity [50], which begin to be effectively
excited below 250 nm. The above-mentioned differences
in the PL and PLE spectra of AION:Tb3" samples with
low and high content of Tb>" ions can be related to
the effect of cross-relaxation of electronic excitations
(°D;,’F¢—°D,,’F,)) [48, 50] between nearby Tb*" ions in
the AION matrix.

Ions of other rare earth metals have not generally
been used as dopants for aluminum oxynitrides until
recently. In 2009-2012, a team of authors from the
Shanghai Institute of Ceramics described the ap-
conversion of infrared (IR) radiation at 980 nm in AION
doped with Er3" ions with addition of Mg?* [51, 52].
AIONSs with Er3* content up to 3.0 mol % were studied.
The obtained samples showed intense green and red
luminescence with maxima in the PL spectra around 548
and 666 nm, which are the result 01”483/2/2H”/2—>4115/2
and *Fy,,—*,5, transitions, respectively. By varying
the doping concentration of Er** ions, the predominant
color of the phosphors can be tuned due to the cross
relaxation like *F, ,—*F, , and *F,<*1,, ,. Upon co-
doping with Er3*, Mg?*, broadening of the bands in
the PL spectra was observed [51]. According to X-ray
phase analysis (XRD) data, the solubility of Er3* ions in
the AION matrix increased with the addition of Mg?*
and band broadening was observed in the PL spectra.
The intensity of the red emission band increased
with increasing Mg?" content up to 0.6 mol %, and
decreased with further addition of Mg?". The authors
propose that the introduction of MgZ" up to a certain
limit facilitates the introduction of Er*" into the AION
lattice and lowers its symmetry due to the formation
of oxygen vacancies, leading to the enhancement
of red emission due to energy transfer. When the
critical concentration of Mg2" is reached, the effect of
luminescence quenching on the formed defects begins
to prevail.

AlONs doped only with Er** ions were obtained
n [53]. The authors noted the dual role of erbium as a
sintering additive (in the form of Er,0,) and a fluorescence
activator. Upon excitation with 980 nm radiation, the
previously described green and red bands, as well as a
band with a maximum around 845 nm corresponding to
the transition 4S3/2/2H11 /2—>4113 1> Were observed in the
PL spectra. In the IR emission spectra of AION:Er*", an
intense band with a maximum at 1534 nm corresponding
to the 4I13 /2—>4115 1, transition due to the radiation-free
*1,,,—",5), transition and AP-conversion emission at
845 nm was observed.

The study of AIONs doped with ions of a wide range of
REMs, including Sc, La, Pr, Sm, Sm, Gd, Dy, Er, and YD,
was performed several years ago at Yeungnam University
(Republic of Korea). All the above elements were used in
the form of the corresponding nitrates as well as oxides
as sintering additives to obtain transparent AIONs [54].
The authors used the ratio Al,O5:AIN = 9:2.503 instead
of 9:5 to increase sinterability by creating additional
cation vacancies, metals were introduced in the amount
of 0.2 wt %. Two-stage sintering under nitrogen pressure
up to 2 atm at temperatures of 1610—1650°C and 1940°C
allowed obtaining single-phase samples y-AION. The
highest efficiency was demonstrated by Pr in the form
of nitrate. Unfortunately, no measurements of optical
properties were made by the authors, but relatively
recently the same team studied the photoluminescent
properties of AION samples doped with Sm and Yb ions,
albeit to a very limited extent [55]. In the PL excitation
spectra of AION:Sm3", a main band with a maximum
around 340 nm was observed, which is due to the
4f%—4f35d" transition, while in the emission spectra,
narrow bands with maxima around 690 (main band),
700, and 730 nm appear corresponding to the SDy—'F
transitions, where J = 0.1 and 2, respectively. In the PL
excitation spectra of AION:Yb3" there is one band with
a maximum at about 333 nm, due to the 1SO—>7F7/2TZg
transition, to which corresponds a band in the emission
spectrum with a maximum at about 435 nm, arising
from the reverse transition. Thus, AION:Sm3" phosphors
belong to red light phosphors, while those of AION:Yb>*
correspond to blue light phosphors.

The doping of oxynitride materials with two REM ions
simultaneously has recently attracted increasing interest.
If the material is doped with two different REM ions,
one of them plays the role of an activator providing light
emission, while the other plays the role of a sensitizer
promoting absorption of excitation light. Efficient
energy transfer between the two types of metal ions
is also important for the sensitizing effect. Typically,
energy transfer occurs through dipole-dipole or dipole-
quadrupole interactions. The Eu?'/Ce3' pair is often
used for co-doping nitride materials due to the emission
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band of Ce>* overlapping sufficiently with the excitation
band of Eu?*. For example, SrSi,O,N, doped with Eu?*
and Ce3" ions (SrSizOzszxEu2+,yCe3+; x = 0-0.04,
y = 0-0.04) exhibits green-yellow luminescence in the
PL spectra with a maximum around 540 nm [56, 57].
We have obtained samples of AIONs doped with Eu2*
and Ce’" ions of the composition AION:xEu?",yCe’*;
x = 0.25: y = 0.01, 0.025, 0.04, and 0.08; y = 0.025:
x =0.1, 0.25, 0.4, and 0.8 [39]. The main phase of the
samples, which are almost single phase, can be described
as AlsO(N; trace amounts of a-Al,O; and AIN are also
present. A broad non-elemental band is observed in the
PCL spectra (Figs. 4a and 4b). The band maximum
is located at ~405 nm with a shoulder in the range of
450-550 nm. The band is approximated by two bands—
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a narrower band with a maximum around 401 nm, which
corresponds to the 5d—4f transitions in Ce>" ions, and
a broader band with a maximum around 447 nm, which
corresponds to the 5d—4f transitions in Eu?" ions.

The position of the band maximum in the PCL spectra
depends weakly on the Eu?" ion content, while the
integrated luminescence intensity varies with the Eu?"
and Ce*' content. At an Eu?" content of 0.25 at. %,
the highest intensity is observed at a Ce3" content of
0.04 at. %. On the other hand, at a fixed Ce3" content
of 0.025 at. %, the highest intensity is observed at an
Eu?* content of 0.1 at. %. An increase in Eu?" content
leads to a decrease in the intensity of both Eu?" and Ce3"
bands. Conversely, increasing the Ce>* content decreases
the intensity of Eu?" band and increases the intensity of
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Fig. 4. (a) PCL spectra of samples AlSOéN:xEu2+,yCe3+: x=0.1,0.25, 0.4, 0.8; y = 0.025; (b) PCL spectra of samples
AlON:xEu?* yCe’*: x = 0.25; y = 0.01, 0.025, 0.04; (c) PLE and PL spectra of Al;O(N:0.25Eu®",0.01Ce* sample;
(d) PL and PLE spectra of Al;ON:0.25Eu?*,0.04Ce* sample (reprinted from [39])
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Ce*" band, thus also increasing the total luminescence
intensity.

Three bands distinguished in the PLE spectra (Fig. 4c)
correspond to the excitation of different bands of the
PL spectra (Fig. 4d). The ~405 nm PL band is effectively
excited in the range of 245-320 nm. The broad band with
a maximum of 455 nm is more efficiently excited below
245 nm, as well as in the range of 320—450 nm. The
shape of the PLE spectra of the sample with Ce3" content
of 0.04 at. % differs from the samples with Ce>" content
of 0.01 at. %. The relative intensities of the excitation
band at 280 nm and the PL band at 405 nm are maximal
for AlLON:0.25Eu**,0.04Ce®". Analysis of the PL and
PLE spectra allows us to conclude that the observed bands
belong to the 5d—4f transitions in Eu?" and Ce3" ions.
This is confirmed by earlier results for AIONs doped
with REM ions of the same species [35, 37, 58—60].
However, the maximum of the Ce®" excitation band in
the samples obtained by us is shifted compared to that
for the band in the Ce*' spectrum presented in [60]
due to the possible energy transfer Ce’*—Eu?". Thus,
in this case, a sensitizing effect of Ce?" with respect to
Eu?* is observed. Presumably, the main energy transfer
pathway is the radiation-free dipole-dipole interaction,
possibly with some contribution from dipole-quadrupole
interactions.

More recently, a series of blue-light phosphors
y-AION:yCe3" xEu?" (y = 0-0.025, x = 0-0.01) were
prepared in a similar way and their photoluminescence
was studied [61]. The effect of sensitization of Eu®* ions
by Ce3' ions was also demonstrated for them; the
energy transfer from Ce*' to Eu?' is confirmed by a
significant overlap between the emission spectrum of
y-AION:0.025Ce>" (A« = 285 nm) and the excitation
spectrum of y-AION:0.004Eu** (A, = 400 nm). As
described above, the energy transfer is mainly due to
radiation-free dipole-dipole interactions. The critical
energy transfer distance was determined as 25.45 A from
concentration quenching of luminescence. The presented
results showed that y-AION:Eu?*,Ce3" phosphors can be
considered as promising candidates for the role of the
blue component in full-spectrum warm WLEDs.

Ce3" is also quite frequently used as a sensitizer for
Tb3*.In[59], the phosphor ALLON:0.5%Ce’*,0.67%Tb**
was obtained by nitriding cinders prepared from nitrates
of the corresponding metals. In its PL emission spectrum
obtained under excitation with light at 275 nm, 4 main
bands with maxima around 485, 540, 580, and 625 nm
were observed, which correspond to °D,—F , transitions
in Tb** ions, where J = 6, 5, 4, and 3, respectively. The
intensity of the band with a maximum around 540 nm for
the ALLON:0.5%Ce3*,0.67%Tb*" sample was found to
be 10 times higher than that for the A1506N:O.67%Tb3+
sample. Increasing the Tb?" content to 1 mol % did

not lead to an increase in the intensity of the bands in
the emission spectrum; moreover, at a Tb>" content of
3 mol %, it decreased by a factor of five. Thus, Ce*" has
been shown to be an effective sensitizer for Th>*. The
main mechanism of energy transfer seems to be dipole-
dipole interactions.

Similar results were obtained in [47]. Additionally,
it was shown that the energy transfer efficiency exceeds
98% ata Tb** content of 3 mol %, although concentration
quenching leads to a decrease in the overall emission.

Tb>* can also be sensitized by Eu?*, such as in
A1506N:0,2Eu2+,be3Jr (x = 0-0.5) [62]. Although the
energy transfer efficiency did not exceed 25%, the reason
for this was most likely due to the low total dopant ion
content. The main mechanism of energy transfer is
radiation-free dipole-dipole interactions at a critical
transfer distance of 6.49 A. The materials are green light
phosphors, whose PL emission spectra obtained under
excitation with light at 330 nm are the sum of spectra due
to Eu?" and Tb3" ions.

We also studied the PL and PCL spectra of
AION:xTb** yCe3* samples (x = 0.4%, y = 0.01-0.08%),
which were prepared by a similar AION:xEu?",yCe3*
method [39]. According to XRD data, all samples contain
AlSO(N as the major phase; the minor phases present in
impurity amounts are represented by some other AION
polymorphs (AlgO;N,, Al;,O 5N, etc.). Terbium and
cerium aluminates were not detected.

The PCL and PLE/PL spectra of Al;O,N:xTb3* yCe*
samples are shown in Fig. 5. The emission spectra show
narrow bands with maxima around 380, 415, 439, 460,
472,485, 540, 582, and 620 nm, which correspond to the
in-center f—f transitions in Tb>* ions. As in the case of
AIONSs doped only with Tb3* ions [38], the bands with
maxima around 485, 540, 582, and 620 nm correspond
to °D,—’F, transitions, J = 6, 5, 4, 4, and 3, while the
380, 415, 439, 460, and 472 nm bands correspond to
D, —F, transitions, J = 6, 5, 4, 3, and 2 [48, 49]. The
high intensity band of °D,—F, transitions is observed
in the PL spectra only under selective excitation as has
been shown earlier for A1506N:Tb3+ phosphors [38].
The °D,—’F; transition band at 542 nm has the
highest intensity in the PCL spectra. Broad bands of
d—f transitions in Ce>' ions were not observed.
Increasing the Ce?' content leads to an increase in the
integrated intensity of the bands related to Tb>". The
totality of these facts clearly indicates an effective
radiation-free energy transfer from Ce3" to Tb>*.

AION:xTb** yEu?* (x = 0.4%, y = 0.1-0.8%) samples
were also obtained. As in all other cases, no reduction
of Tb3" was observed at complete reduction of Eu?* to
Eu?". All AION:xTb**,yEu?" samples contain AI;ON
as the main phase and corundum as an impurity. In
addition, some amount of EuAl,0,, phase is present in
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Fig. 5. (a) PCL spectra of ALLON:xTb*",yCe*" samples; PLE (b) and PL (c) spectra of Al;ON:xTb¥*,yCe* samples

(reprinted from [39])

the AION:xTb3",yEu" samples, indicating incomplete
dissolution of Eu?" in the AION matrix.

The PCL spectra of Al,ON:xTb**,yEu?" are
presented in Fig. 6. The observed narrow bands,
which have maxima around 415, 437, 485, 540, 582,
and 620 nm, are associated with the intra-center
f—f transitions in Tb3" ions as described above. The
band with a maximum around 380 nm observed for the
AION:Tb>"/Ce3* samples is not represented here due to
overlap with a broad asymmetric band with a maximum
around 410 nm and a half-width of 66 nm, which is
associated with d—f transitions in Eu?*. The integrated
luminescence intensity due to Tb>" ions depends very
weakly on the Eu?' concentration. At the same time,
concentration quenching of Eu?" luminescence is

observed; the maximum intensity is reached at Eu?"
content of 0.3 at. %.

The PL and PLE spectra recorded in the fluorescence
mode mainly consist of broad bands that are related to
the 4f<>5d transitions in Eu®' (Fig. 6b). The band in
the PLE spectra is the sum of two bands with maxima
around 260 and 300 nm. Two broad bands with maxima
around 395 and 455 nm are observed in the PL spectra.
The PL spectra recorded in the phosphorescence mode
(Fig. 6¢) consist of narrow bands associated with f—f
transitions in Tb3* as described above. The broad bands
attributed to Eu?" are not observed. The broad band in
the range of 250400 nm PLE in the phosphorescence
spectra, which is attributed to the 4/—5d transitions in
Eu?*, clearly indicate the energy transfer of Eu?*—Tb3",
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Fig. 6. (a) PCL spectra of samples Al;O N:0.4Tb3* yEu?"; PL and PLE spectra for Al;O,N:0.4Tb>*/0.3Eu?* sample
recorded in fluorescence (b) and phosphorescence (¢) modes (reprinted from [39])

albeit at a reduced transfer efficiency. The probable
reason for this is that the total concentration of Tb>" and
Eu?* jons exceeds the concentration limit of quenching
in contrast to the ALLON:Tb**,Ce*" samples.

Concluding this section, it should be noted that
the developed method allows easy and reproducible
preparation of AIONs doped with both one and two
different types of REM ions, which can be used as
luminophores. The obtained materials exhibit intense
cathodo- and photoluminescence over a wide wavelength
range, which can be tuned by varying the dopant or
dopant ions as well as their content in the AION matrix.
Sensitization and concentration quenching effects are
observed for the obtained samples, which should be taken
into account when selecting the optimal composition for
particular applications.

Aluminum oxynitrides doped with TM ions

Until recently, data on aluminum oxynitride-based
systems containing TM ions were very limited.
The exception was AIONs doped with manganese

ions [31, 63-66], which are green light phosphors having
a narrow emission band. A characteristic view of the
PLE and PL spectra of y-AION:xMn?" (x = 0.03-0.15)
samples obtained by firing of Al,O,, AIN, and MnCO,
mixtures with the addition of oxides or carbonates of
alkaline earth and alkali metals for charge compensation
is presented in [31]. The spectral characteristics of all
samples are very similar except for the fluorescence
intensity. The PLE spectrum (A, = 510 nm) consists
of several bands with maxima at 340, 360, 380, 424,
and 445 nm [31], which correspond to transitions
from the main level YA, to the *T,(*P), “E(*G),
“T,[*E(*G), *A(*G)], and *T,(*G) levels, respectively.
Since all these transitions are spin- and parity forbidden,
the intensities of the corresponding bands in the PLE
and PL spectra are also reduced. The PL spectrum shows
a narrow band with a maximum at 510 nm (A, = 445).
The narrow band in the green region of the spectrum is
characteristic of the Mn?" ion due to the 4Tl(“G)—>6A1
transition. Furthermore, the intensities of the bands in
the PL spectrum monotonically increase with increasing
Mn?" content to reach a maximum at x = 0.07, after
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which concentration quenching of luminescence is
observed. In general, the distance between Mn?" ions
decreases with increasing x, which leads to a decrease
in the radiative transition rate and an increase in the rate
of non-radiative transitions due to cross-relaxation. The
calculated critical distance between manganese ions
was 8.3 A, which is significantly larger than the distance
allowing exchange interactions (5 A). Analysis of the
dependence of 1g //x on Ig x (where [ is the luminescence
intensity, x is the activator content) showed that the most
probable mechanism of energy transfer is dipole-dipole
interactions.

The first report on Cr’>*-doped AIONs appeared in
2020 in [67]. Powders y-AION:Cr>" with Cr3" content
from 0.25 to 1.25 mol % were obtained by high-
temperature roasting of the corresponding oxides and
AIN in nitrogen atmosphere. The powders of the obtained
materials consist of homogeneous particles of hexagonal
shape with the size from 50 to 100 nm. According to
XRD data they represent y-Al;O/N, no impurity phases
were observed. According to X-ray photoelectron
spectroscopy (XPS) data, chromium is present in the
form of Cr’" ions in the octahedral environment of
oxygen atoms, i.e., it either replaces aluminum in the
corresponding positions or occupies V, 0, vacancies.
Two broad intense bands with maxima around 430 and
588 nm are observed in the PLE spectra, which can be
attributed to the d—d transitions *A,(>F)—*T,(*F) and
4A,(2F)—4T,(*F), respectively.

The narrow intense band in the PL emission spectrum
(Ao = 588 nm) with a maximum at 693 nm is attributed
to the 2E(*G)—*A,(*F)) transition, while the broad band
with a maximum at 720 nm is presumably due to defects
in the AION matrix.

More recently, we have investigated AIONs doped
with titanium [68], cobalt [69], and iron [70] ions. As
well as samples of AIONs doped with REM ions, these
were prepared by high-temperature roasting of mixtures
of amorphous highly dispersed aluminum oxide Al,O,
and AIN in a nitrogen current under 1 atm pressure
for 2 h at 1750°C. In the case of cobalt, the aluminum
oxide was pre-doped using Co(OAc), 4H,0 [33]. In
the case of titanium and iron, the corresponding oxides
were added directly to the mixture of Al,O; and AIN.
The TM content ranged from 0.01 to 5.0 at. % relative
to aluminum.

According to XRD data, all titanium-doped AIN
samples are almost pure y-Al;O/N [68]. Samples
with 0.05-0.2 at. % of titanium contain AIN (less than
2 vol %) as an impurity. Samples with titanium content
of 0.5 at. % and more contain TiN as an impurity, whose
content increases with increasing total titanium content.
Interestingly, even a sample with 0.05 at. % titanium
does not contain corundum as an impurity phase.

Typically, to suppress the formation of corundum in
the synthesis of y-AION, Mg?" jons are incorporated in
the amount from 0.5 to 10 at. %. It can be concluded
that titanium effectively promotes the formation of the
7-AlsO¢N phase, having a solubility limit in the AION
matrix ranging from 0.2 to 0.5 at. %. According to the
RFES data, titanium ions occupy octahedral positions
in the AION structure to form [TiNg], [TiO,N,_],
and [TiOg] links, which are quantitatively correlated as
39:38:23. Titanium nitride TiN, as measured by Raman
spectroscopy, probably forms a thin film on the surface
of the AION particles.

In the absorption spectra in the UV-visible range
of AION:Ti3* samples, which are obtained by the
computational method using the Kubelka—Munk
expression [71] from diffuse reflectance spectra, an
absorption band with a maximum around 255 nm is
observed. This is typical for AION and associated
with electronic transitions in defects such as V,, [72].
The presence of a pronounced fundamental absorption
edge in the absorption spectra formed a basis for
estimating the optical width of the forbidden zone E .
by the Tautz method [73] with subsequent correction
of the absorption spectra. It was found that £ . varies
from 5.68 to 5.72 eV when the titanium content
changes.

The PCL spectra of all samples can be represented
by the sum of four luminescence bands with maxima
at 393, 483, 602, and 765 nm (Fig. 7). The bands with
maxima around 393 and 483 nm probably belong
to intrinsic defects of the type of electroneutral
complexes [V”,—30°]. The latter are destroyed
by X-ray irradiation and form charged defect states
V" 307\ [V"’AI—O'N]% and [V",—20°(]" [72]. The
electronic transitions arising from these defects are
manifested by several emission bands in the spectra
of non-stoichiometric AION compounds. However,
the nature of intrinsic luminescence in AION is still
debatable. It is interesting to note that the intensity of
these bands decreases with increasing titanium content.
Apparently, this is due, at least in part, to a decrease in
the number of intrinsic defects.

The narrower bands with maxima at 602 and
765 nm can be attributed to defects due to the presence
of impurities. Compounds containing Mn?" ions are
often found as an uncontrolled impurity in AIN, which
causes the appearance of a red luminescence band with
a maximum around 600 nm [74]; a small amount of
AIN is also determined by XRD in the studied samples.
As for the band with a maximum around 765 nm,
this can be attributed either to Ti*" ions in the Al, O,
matrix [75], whose phase is also defined as impurity, or
to Fe?" ions, which can also be active in this part of the
spectrum [76, 77].
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Fig. 7. (a) PCL spectra of the AION:Ti samples; (b) decomposition of PCL spectrum of AION:0.01Ti by 4 Gaussian bands;
(c) dependence of integral PCL intensity on the total titanium content (reprinted from [68])

The pronounced tendency with increased titanium
content to decrease the total luminescence intensity of
AION, as well as each of the bands separately, is probably
due to the formation of an increasing amount of TiN on
the surface of AION particles, which has high absorption
in the UV- and visible parts of the spectrum [78].

AION:Co samples were obtained by high-
temperature firing of mixtures of amorphous highly
dispersed aluminum oxide Al,O, pre-doped with
Coions. Co(OAc), - 4H,0) and AIN in a nitrogen current
under 1 atm pressure at 1750°C for 2 h as the starting
material [69]. The cobalt content ranged from 0.01 to
5.0 at. % relative to aluminum.

In all AION:Co samples, the Al;ON phase is the
main phase according to XRD data. The samples with
cobalt content from 0.01 to 0.5 at. % contain a small
admixture of AIN. In samples with cobalt content of 1.0
and 2.5 at. %, a new impurity phase is detected, which
becomes the only impurity in the AION:5.0%Co sample.
However, it was not possible to identify this phase.
Corundum as an impurity phase was not detected even at
the minimum cobalt content (0.01 at. %), as in the case
of titanium ion doping.

The study of AION:Co samples by XRD showed that
the spectra of Al 2p and O 1s fully coincide with those of
AION:Ti samples. The spectra of the ground level N 1s
show several peaks. The main peak (396.5 eV) appears
to correspond to the AI-N bond [79], although this is
shifted towards lower bond energies. A similar low-
energy shift has been observed previously for numerous
systems containing Me-N-O type bonds, such as
Ti-N-O [80]. The second peak may be due to the
formation of Co—N bonds.

As in the case of AION:Ti, the optical bandgap width
in AION:Co samples was estimated by the Tautz method
with subsequent correction of the absorption spectra. The
E . value varied from 5.72 to 5.84 eV when the cobalt
content was varied.

The PCL spectra of the prepared AION:Co samples
are shown in Fig. 8. Three broad luminescence bands
with maxima around 476, 595-600, and 750-760 nm
are observed for all the samples. The AION:0.05%Co
sample exhibits the brightest luminescence. With
increasing cobalt concentration, the intensity of
all the bands decreases. The band with a maximum
around 480-500 nm can be attributed to defects in
the [V",~30°\] type structure, and the bands with
maxima around 600 and 765 nm to impurity emission
centers of Mn?" and Ti** or Fe?*, respectively, as in
the case of titanium-doped samples [68, 72].

AION:Fe3" samples were obtained by high-
temperature roasting of mixtures of amorphous
highly dispersed aluminum oxide Al,0;, AIN, and
Fe,0, in a nitrogen current under a pressure of
1 atm for 2 h at a temperature of 1750°C [70]. The
Fe3" content ranged from 0.01 to 5.0 at. % relative
to aluminum. The diffractograms of the obtained
samples show that the main reflections correspond
to the Al;O(N phase with a small admixture of
AIN. Besides AIN, an additional phase was present
in all samples, which could not be identified. The
total content of AIN and unidentified phase did not
exceed 5 vol %. As in the case of doping with Ti
and Co ions, the minimum iron content (0.01 at. %)
already allows the formation of the a-Al,O; phase
to be suppressed.
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The optical bandgap width in AION:Fe samples
as evaluated by the Tautz method with correction
of absorption spectra showed values in the range of
5.76-5.88 eV. The PCL spectra of AION:Fe3" samples
(Fig. 9) contain broad luminescence bands with maxima
around 495, 595, and 760 nm. The sample with the
minimum iron content, AION:0.01%Fe, has the most
intense emission. The PCL spectra can be approximated
by four bands with maxima around 398, 492, 602, and
738 nm. The band with maximum around 398 nm refers
to radiative transitions in AIN [72]. The band with
maximum around 492 nm is a consequence of emission
of defects of the [V"”,~30°\] type. The bands with
maxima around 602 and 738 nm appear to be related to
the emission of impurity ions (possibly Mn?" and others).

The results of the studies of AIONs doped with
TM ions allowed us to determine the state of TM ions in
AION matrices along with the solubility limits, as well
as the influence of the nature and concentration of TM
on the optical bandwidth and luminescent properties,
which in the case of AION:Ti, AION:Co, and AION:Fe
are determined, first of all, by defects in the intrinsic
structure of the AIONs.
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Fig. 9. (a) PCL spectra of AION:Fe samples; (b) decomposition of PCL spectrum of AION:0.01Fe¢ by 4 Gaussian bands;
(c) dependence of the intensity of B1, B2, B3, and BS bands on the total iron content (reprinted from [70])
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CONCLUSIONS

AIONSs, in particular y-AION, whose composition is
usually described by the formula Al,;0,,Ns or Al;O(N,
are promising materials not only for the manufacture
of high-strength glasses, but also for use as matrices of
phosphors. The main methods for producing aluminum
oxynitrides include direct high-temperature interaction
of aluminum oxide and nitride, direct nitriding and
carbothermal reduction-nitriding. AIONs are doped with
REM and TM ions both to improve sinterability and
increase physical and mechanical characteristics, as well
as to impart certain optical properties. To date, there is
information on the use of oxides and other compounds
of Mg, Y, La, Sc, La, Pr, Sm, Gd, Dy, Er, and Yb as
sintering additives. Conversely, Eu?", Tb’*, and Mn2*,
and in some cases Ce*", Er3*, Sm3", Yb3*, and Cr?", are
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