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ARTICLE INFO ABSTRACT

Keywords: Luminescence processes resulting in 600 nm emission of Mn?" ions in AIN:Mn ceramics were studied based on

Manganese doped aluminum nitride investigations of photoluminescence and its excitation spectra, luminescence kinetics and long-lasting lumi-

;eramms 4 nescence (PersL) properties. For AIN:Mn?* nanopowders, the photoluminescence spectra and PersL were studied.
anopowder

Luminescence properties were examined and compared after the samples were irradiated with 520 nm light,
resulting in direct excitation of Mn2* ions, thus causing the intra-center luminescence, or with 263 nm light. As
known, in the last case, the oxygen-related defects are primarily excited with the following energy transfer to
Mn?* ions and 600 nm emission, thus forming the recombination luminescence (RecL). Two types of excitations
of the 600 nm RecL were used. In the first case, the luminescence response was detected during the sample
irradiation with 263 nm light. It was found that at RT, the decay of the RecL is fast and its decay constant T = 1.2
ms coincides with the value obtained for the intra-center luminescence. A time-dependent rise of the 600 nm
luminescence intensity under 263 nm excitation was observed. In the other case, the 600 nm RecL was detected
when irradiation of the sample with 263 nm light was ceased, and spectra and decay of PersL were studied. It was
found that the decay of 600 nm PersL spectra could be described using three exponential functions, thus man-
ifesting a variety of luminescence processes. The results allow tracing of the luminescence processes and proposal
of the mechanisms resulting in the 600 nm light emission of Mn2* ions. An energy level scheme of AIN:Mn?" was

Photoluminescence and excitation spectra
Luminescence kinetics

Luminescence mechanisms

Persistent luminescence

constructed to elucidate of the luminescence processes and mechanisms.

1. Introduction

Today, solid-state luminescent materials are widely used and the
need for unique products with distinct characteristics is growing. Their
use ranges from lighting to optical sensors and innovative light emitters
with a focus on the far-ultraviolet (F-UV) and red-infrared (R-IR) spec-
tral regions. The R-IR emitters are prospective for biomedical applica-
tions (Wu et al., 2020; Zhuang et al., 2014). Single or compound metal
oxides, nitrides, and related materials doped with rare-earth or transi-
tion metal ions are common types of solid-state UV-visible-IR light
emitters. Among various dopants, manganese (Mn) ions are known as
red light emitters, when incorporated in different types of host materials
for which a high electrical field in the crystalline lattice is characteristic
(Ni et al., 2018; Tanaka et al., 2000; Lei et al., 2004; Hou et al., 2012;
Wang et al., 2003; Li et al., 2017). One of the prospective red light
emitters is aluminum nitride doped with Mn ions (AIN:Mn).

Aluminum nitride is a direct wide bandgap material (Eg > 6.0 eV) (Li
et al., 2003; Feneberg et al., 2010) with the wurtzite crystalline

structure, possessing numerous excellent characteristics such as high
electrical insulation and thermal conductivity together with high
chemical stability (Jackson et al., 1997; Abid et al., 1986). It is also non-
toxic (Aluminum nitride powder, 2023; Manganese, 2023) and has good
stability in corrosive environments, such as high temperatures and high
energy radiation (F-UV light and X-rays) (Ettmayer and Lengauer, 2000;
Polikarpov et al., 2015). These properties make it an excellent host for
luminescent dopants.

The Mn?* ions in AIN emit a red light peaking around 600 nm. There
are two main properties characteristic of the red luminescence of AIN:
Mn2*, which makes the material promising as a red light emitter and
attracts the attention of researchers in this field. One of them is a high
value of the red luminescence quantum yield under UV light excitation
(>80 %) (Polikarpov et al., 2015; Cherepy et al., 2016), and another one
is recently discovered persistent luminescence (PersL), which is char-
acteristic of the Mn emission in AIN (Xu et al., 2017; Zhang et al., 2013).
A property of the PersL broadens the field of material application,
including also biomedical usage.
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Photoluminescence (PL) and excitation (PLE) spectra of AIN:Mn2*
are defined by the energy level structure of the Mn?* ion (Corliss and
Sugar, 1977) as well as by the presence of various defect types in the
crystalline lattice of AIN. The direct intra-center absorption and emis-
sion of Mn?" ions cause the transitions between the ground and excited
energy levels of valence electrons in the 3d° states. Since the d-to-
d transitions are known to be spin forbidden (Lohr, 1972), the PL of AIN:
Mn?* under intra-center excitation has a low intensity (Cherepy et al.,
2016). However, when an energy transfer from another type of excited
defect to Mn?" ions occurs (Li et al., 2017; Polikarpov et al., 2015;
Cherepy et al., 2016), the intensity of the PL of AIN:Mn?" can be greatly
increased bypassing the weak direct absorption.

Luminescence of AIN:Mn?* at 600 nm forms a broad band appearing
in both the PL and cathodoluminescence (CL) spectra (Cherepy et al.,
2016; Xu et al., 2017; Zhang et al., 2013; Wang et al., 2014; Wang et al.,
2021; Sato et al., 2007). This emission is related to the transitions be-
tween the *T; — ®A; electronic states of Mn?* ion (Wang et al., 2014;
Wang et al., 2021). The PLE spectrum of 600 nm emission is made up of
several weak bands appearing within the 350-550 nm spectral range
(Cherepy et al., 2016; Zhang et al., 2013; Wang et al., 2021). The origin
of these bands is related to the optical transitions from the 6A,(%S)
ground electronic state to the lowest excited states of Mn>" ion, such as
T.(%G), *To(*G), *A1(*G), “E(*G), *To(*D), and “E(*D) (Wang et al.,
2014; Wang et al., 2021). As stated before, the luminescence of Mn?*
ions can be successfully excited via interactions with other types of
excited defects in the host material. Such interactions depend heavily on
the position of Mn?* ions and other defects in the crystalline lattice.

In AIN crystalline lattice, the Mn?" ions substitute for the AI** ions
(Miyajima et al., 2006). A distinction in the effective ion radii of Mn?*
and AI** (67 pm and 53 pm, respectively (Shannon, 1976) as well as a
difference in its electrical charge must cause a local distortion of the
crystalline lattice around the Mn2* jon. This problem can be partially
solved by substituting of the N° ion from a surrounding of the Mn?*
with a smaller 0> ion (146 pm and 140 pm, respectively (Shannon,
1976).

In the crystalline lattice of AIN, there are also a variety of additional
types of defects, such as Al and N vacancies (Vp], Vy, respectively) and
others, that can scale down the spatial and electrical charge problems
noted above by being adjacent to the Mn2* ions. For this purpose, one of
the most appropriate complex defect is the so-called oxygen-related
defect (Vai—On). It consists of V4 and oxygen ions substituting for ni-
trogen (Oy) — very common and always present defects in AIN
(Youngman and Harris, 1990; Schweizer et al., 2000; Slack, 1973).
There are several types of luminescent V5-Oy defects in the crystalline
lattice of AIN (Zhou et al., 2020), forming their PLE bands in the UV part
of the spectrum and PL bands in the UV - blue spectral region (Young-
man and Harris, 1990; Berzina et al., 2009; Koppe et al., 2016). In
addition to their own luminescence, optical excitation of the Va-Oy
centers causes the energy accumulation in the crystalline lattice by
filling trap levels with charged particles (Trinkler and Berzina, 2011), as
well as effective excitation of Mn®" ions if present in AIN, resulting in the
long-lasting 600 nm emission (Xu et al., 2017; Zhang et al., 2013).

The concentration quenching of Mn luminescence in AIN:Mn2" is
observed. It is mostly attributed to the formation of non-radiative Mn-
Mn ion pairs (Cherepy et al., 2016; Zhang et al., 2013; Wang et al., 2014;
Lei et al., 2018; Shi et al., 2015). The optimal molar concentrations of
Mn dopant for the highest luminescence intensity range from sub-1 %
(Cherepy et al., 2016; Lei et al., 2018) to 3 % (Zhang et al., 2013; Wang
et al., 2014; Shi et al., 2015).

To summarize a brief report above, there are numerous in-
vestigations of the red luminescence caused by the Mn2* ions in AIN. At
the same time, a comprehensive luminescence mechanism being able to
explain a variety of the main experimental results related to AIN:Mn
emission still needs to be developed. Our group has been working on
spectral characterization of AIN material for many years. The present
investigation is devoted to the spectral characterization of AIN:Mn
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ceramics and nanopowders, including luminescence kinetics measure-
ments. It allows to deepen the knowledge about the luminescence pro-
cesses and to find out more about the detailed luminescence
mechanisms. In the future, it could allow developing of the material with
advisable properties available for practical application.

2. Materials and experimental
2.1. Materials

Optical properties of AIN:Mn ceramics (Cer) and nanopowders (NP)
were studied. A mass concentration of Mn ions of around 1 % was
chosen, fitting the optimal concentrations’ interval causing the most
intense Mn luminescence (Cherepy et al., 2016; Wang et al., 2014; Lei
etal., 2018; Shi et al., 2015). The studied samples were prepared at Riga
Technical University, Institute of Inorganic Chemistry.

For the synthesis of AIN:Mn Cer AIN powder (20 — 80 pm; purity >
99 %; STREM Chemical Inc) as raw material and metallic Mn (macro
powder; purity 99.9 %; Fluka) were homogeneously mixed for 30 min.
using Fritsh grinding apparatus. The prepared mixture was filled into
cylindrical graphite die with a diameter of 20 mm and placed between
the graphite punches in the spark plasma sintering apparatus (SPS-825
CE, Syntex Inc). During the sintering, the temperature was Increased
from 20 to 800C at a rate of 100C/min and held for 10 min. After that,
the temperature was Increased from 800 to 1600C at a rate of 100C/min
and held for 20 min. at a pressure of 24 MPa in a vacuum. The prepared
sample’s surface was cleaned by polishing with the polishing machine
(LaboPol-6, Struers). As a result, the Mn-doped AIN ceramics sample
with a 1 % Mn mass concentration was prepared.

AIN:Mn NP with an average grain size of 60 nm was synthesized by
the plasma-chemical method. High-purity aluminium macro powder (20
— 40 pm) was injected into the reactor and evaporated in high-frequency
plasma (average temperature 5400 K), high purity N, atmosphere. A
small amount of ammonia was added to the reactor to catalyse the
formation of AIN and decrease the final product grain size. Doping with
Mn was done by mixing nanopowder with MnO, and isopropanol in a
pestle. The resulting product was heated up to several hundred degrees
to promote Mn diffusion into the AIN matrix.

2.2. Experiment

The following procedures and set-ups were used to comprehensively
characterize the AIN:Mn materials listed above.

The material structure was studied using X-ray diffraction (XRD) on a
standard RIGAKU X-ray diffractometer with a Cu-Ka X-ray source.

Spectral characterization of materials was realized by measuring the
photoluminescence spectra, photoluminescence excitation spectra and
luminescence kinetics (LK). The PL and PLE spectra were recorded using
the hand-built and industrial (spectrometer FLS1000, Edinburgh In-
struments) spectral set-ups. The PL spectra were measured within a
spectral interval of 250 nm - 700 nm. For the material excitation, the
spectral range of 200-550 nm was covered by using either the deuterium
lamp ((DL-400 W) or xenon lamp (Xe-150 W). The 263 nm emitting
solid-state laser and a tunable pulsed solid-state laser Ekspla NT342/
3UV (operating range 210 — 350 nm and 420-710 nm) also were used as
a light source. Use of a closed cycle refrigerator (CCS-100/204, Janis
Research Corporation, Advanced Research Systems ARS-4HW and DE-
202SE) allowed spectral measurements at various fixed temperatures
between the room temperature (RT) and 10 K. All necessary spectral
corrections related to different parts of the set-up were considered.

The following procedures and set-ups were used for the lumines-
cence kinetics studies. 1) Luminescence was excited with light from the
tunable pulsed solid state-laser Ekspla NT342/3UV. The emission signal
was detected by a photomultiplier tube (time resolution better than 20
ns) coupled with an Andor SR-303i-B spectrometer. 2) For detection of
the long-lasting luminescence of AIN:Mn a standard equipment Lexsyg
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Research TL/OSL reader (Freiberg Instruments, Germany) combined
with a solid-state laser 263 nm was employed.

3. Results and discussion
3.1. Materials structure

The XRD patterns of AIN:Mn Cer and NP together with the standard
XRD pattern for wurtzite AIN (01-086-4277), are shown in the Fig. 1.
The line structure for all studied materials is generally coincided with
the standard pattern. It confirms that wurtzite crystalline structure is
characteristic and predominated in all AIN samples used in the present
investigation.

Nevertheless, in the case of nanomaterials, the signs of deterioration
were detected, seen as additional peaks and noisy signals in Fig. 1. It
could be caused by oxidation of the nanomaterial surface or its reaction
with water vapor in the air.

3.2. Spectral characterization of materials

3.2.1. Luminescence and excitation spectra at RT

Luminescence and excitation spectra of AIN:Mn Cer and NP were
investigated at room temperature (RT) and depicted in Fig. 2.

The PL spectrum of AIN:Mn Cer obtained at 263 nm excitation forms
intensive 600 nm emission of Mn%" ions (Fig. 2, curve 5), which is
dominant and appears together with other weak emission bands at 390
and 480 nm (curves 2 and 3, correspondingly), caused by the emission of
the oxygen-related defects (Berzina et al., 2009) and F-centers (Berzina
et al., 2020).

The PLE spectrum of 600 nm Mn luminescence of AIN:Mn Cer is
complex. It consists of two parts (Fig. 2, curves 1 and 4), covering
various spectral regions. One of them (curve 4) is placed within the
region of visible light (430 — 540 nm) and consists of a set of sub-bands,
which characterize a direct absorption of the Mn2* ion caused by optical
transitions between the ground state and various lowest excited states of
Mn2* ion (Corliss and Sugar, 1977). A structure of this spectrum is close
to that observed previously (Polikarpov et al., 2015; Zhang et al., 2013;
Wang et al., 2014; Wang et al., 2021; Lei et al., 2018; Shi et al., 2015).
Another part of the PLE spectrum of Mn ions excitation (Fig. 2, curve 1)
is located within the UV spectral region and consists of two sub-bands
peaking at 245 and 280 nm. This spectral interval covers absorptions
related to uncontrollable native defects, characteristic and always-
present in the crystalline lattice of AIN, including the oxygen-related
defects (Youngman and Harris, 1990; Schweizer et al., 2000; Slack,
1973; Zhou et al., 2020; Berzina et al., 2009; Koppe et al., 2016; Trinkler

20 40 60 80
T T T T T T T T
Cer 1%

NP 1%

AIN (01-086-4277)

20 40 60 80
Angle, 20

Fig. 1. The XRD patterns for AIN:Mn Cer and NP together with a standard XRD
pattern for wurtzite AIN (01-086-4277).
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and Berzina, 2011; Trinkler et al., 2021) as the most important among
others. As seen from this figure, the efficiency of Mn?" ions excitation
through energy transfer from these excited defects is high, in compari-
son with what appeared under direct excitation of Mn** ions, thus it
presents a good agreement with the results reported previously (Poli-
karpov et al., 2015; Cherepy et al., 2016; Xu et al., 2017).

The PL spectra of AIN:Mn Cer were measured under excitation with
light from both the 245 nm and 280 nm sub-bands. It is observed that for
each of these excitations, the shape of normalized 600 nm PL band co-
incides with those observed at 263 nm excitation, while the emission
spectra of native defects are different (Fig. 2, curves 2, and 3).

The PL spectrum of AIN:Mn NP was measured under 263 nm exci-
tation, and the shape of the 600 nm band perfectly matches the curve
observed for AIN:Mn Cer (Fig. 2, the black points on curve 5). Never-
theless, in the case of NP, the intensity of 600 nm PL is many times lower
than that observed for the Cer.

The obtained results demonstrates the presence of two ways for the
origination of the luminescence of Mn®" ions in AIN. One of them is the
so-called intra-center luminescence (ICL). It takes place when absorp-
tion of exciting light and following emission occur directly inside the
Mn?* ion. As discussed above, the PLE spectrum of intra-center lumi-
nescence of Mn ions is located within the visible spectral region (Fig. 2,
curve 4). In the present investigation, a light from the sub-band at
around 520 nm (related to the ®A; — *T, (*G) transition in Mn?*") was
used for excitation of the ICL. Another way for origination of the Mn%*
luminescence is more complicated when several other defects’ types are
involved in this process, causing the so-called recombination lumines-
cence (RecL). For the realization of the RecL, at least two different de-
fects are necessary — one of them absorbs exciting light, but other one
(Mn ion) -realizes emission, including the energy transfer process be-
tween the involved defects. In the case of AIN:Mn, the 600 nm RecL of
Mn2* ions occurs under the sample irradiation with UV light, resulting
in the direct excitation of native defects (Fig. 2, curve 1).

3.2.2. Temperature-dependent Mn luminescence

600 nm Mn luminescence spectra of AIN:Mn Cer excited either at
520 nm or 263 nm are studied at different fixed temperatures within an
interval of 10-300 K (RT), as shown in Fig. 3, a and b. The first excitation
causes the ICL processes, whereas the second one — a more complicated
RecL. A fine structure of the PL spectra appears at low temperatures
within a region 10 — 200 K for excitation at both: 520 nm and 263 nm.
Such fine structure of the PL spectra was observed previously at 18 K
(Sato et al., 2007). In the present investigation the fine structure of the
PL spectra largely disappears at temperatures above 200 K; nevertheless,
its small traces can be noticed even at RT (Fig. 3, a and b; Fig. 2, curve 5).
The most likely, these small peaks could be related to the phonon-
induced replicas (Carlone et al., 1984).

The dependence of 600 nm Mn luminescence intensity on tempera-
ture is studied. At each fixed temperature, the integral intensity of Mn
ion emission (I,y,) is estimated as an area under the PL curve extending
within the spectral interval 570-620 nm, as represented in Fig. 3, a, and
b. The dependence of Iy, on the temperature at 520 and 263 nm exci-
tations is depicted in Fig. 3, c. As can be seen, an excitation of the Mn
ions at 520 nm results in the increase in luminescence intensity with the
decrease in temperature from 300 to 10 K. The Arrhenius plot of this
dependence (Fig. 3, d) demonstrates a typical picture, which is charac-
teristic of intra-center luminescence caused by the temperature-sensitive
non-radiative transitions between the energy levels of the luminescence
center (Stepanov and Gribkovskii, 1968). Two temperature regions are
selected between either the RT and 200 K, or 40 K — 10 K, where the
representing graphic conforms to a straight line. It allows conclusion,
that at high temperatures, the growth of I, with a decrease in tem-
perature could be described with an exponential function, thus
demonstrating a temperature dependent “freezing” of non-radiative
transitions between the excited and ground energy states of Mn?* ion.
These non-radiative transitions completely freeze, when the low-
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Energy, eV Fig. 2. Normalized PL and PLE spectra of AIN:Mn?" Cer; RT.
6555 45 4 3.5 3 25 2 Red curves - the PL spectra, and blue curves — the PLE spectra.
Lovlenied L L L L L L 1 and 4 - the PLE spectra of 600 nm Mn luminescence; curve 1
10- is decomposed into two sub-bands peaking at 245 nm and 280
’ nm. 2 and 3 - oxygen defect caused luminescence under exci-
tation at 245 nm and 280 nm, correspondingly. 5 — Mn ion
. 084 caused luminescence at 263 nm excitation. The shape of 600
z nm PL under 245 nm and 280 nm excitation coincides perfectly
- with that of curve 5. The black points on curve 5 represent the
.'%' 0.6 1 PL spectrum of AIN:Mn NP under 263 nm excitation, measured
OC) under the same experimental conditions. Curves 2, 3 and 4 are
b= 0 scaled up for 10, 50 and 100 times, correspondingly, con-
- 41 cerning the measurement.
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Fig. 3. PL spectra of AIN:Mn Cer measured at different fixed temperatures between 10 and 300 K under the following excitations: a — 520 nm and b — 263 nm; ¢ —
dependence on temperature of luminescence intensity (I,,) measured at 520 and 263 nm excitation. d — Arrhenius plot of the results depicted on the section c. The
dash lines on the sections a) and b) limit a spectral interval for which the I, is evaluated.

temperature region below 40 K was reached, maintaining a constant
value of luminescence intensity at lower temperatures.

On the contrary, when the 600 nm luminescence is excited at 263
nm, and the RecL processes take place, the picture was quite different. In
this case, the decrease of temperature from the RT down to 100 K results
in diminishing of luminescence intensity, whereas a further decrease of
temperature causes a small growth of luminescence intensity (Fig. 3, c).
The Arrhenius plot of this dependence demonstrates a complicated
picture (Fig. 3, d). Inside the temperature interval between the RT and
200 K, a decrease of luminescence intensity approximates with a straight
line, thus characterizing the process, which is described with an expo-
nential function. Subsequent diminishing of temperature from 200 K
down to 100 K results in an increase of luminescence intensity with its
further small increase down to 10 K. That complicated picture presents
evidence that the RecL originates by the actions of different lumines-
cence mechanisms, which will be discussed below.

3.2.3. Time-dependent rise of luminescence intensity

Growth of intensity of the 600 nm Mn luminescence during the
steady-state irradiation of AIN:Mn Cer with 263 nm light, causing the
RecL, is observed (Fig. 4, red curve), demonstrating the presence of
complicated processes, which could be distributed into three stages. In
the beginning, a fast increase of the 600 nm luminescence takes place in
less than one second. Then a slower process of luminescence increase
follows, lasting up to ~ 600 s. In continuation, a slow increase of
luminescence intensity is in progress lasting up to the end of the mea-
surement at ~ 3000 s.

In the case of the 390 nm luminescence caused by the oxygen-related
defects, a picture of rise of the luminescence intensity is quite different
(Fig. 4, the blue curve) - then, a slow decrease in luminescence intensity
follows just after its fast increase at the very beginning of the mea-
surement. It allows conclusion that both the 600 nm emission of Mn ions
and 390 nm emission of oxygen-related defects are caused by different
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Fig. 4. AIN:Mn Cer; RT. Dependence of the intensities of 600 nm luminescence
(red curve) and 390 nm luminescence (blue curve) from the duration of steady-
state irradiation with 263 nm light. The inset — more detailed sight on this
picture at the beginning of the sample irradiation.

processes, without direct influence from one to the other.

3.3. Luminescence kinetics

3.3.1. The fast luminescence decay

The fast decay of the 600 nm PL of AIN:Mn Cer lasting in a milli-
second time scale was studied at RT. The sample was irradiated with
light pulses of 5 ns duration, emitted from the tunable solid-state laser.
The results of 600 nm Mn luminescence decay, obtained using the
selected excitation wavelengths at 520 and 260 nm, are shown in Fig. 5,
a, and b, demonstrating the exponential luminescence decay. The red
lines on these figures display the results of mathematical treatment using
the standard exponential approximation (OriginPro 2015; 1 exponential
decay; Levenberg Marquardt iteration algorithm). It allows evaluation
of the luminescence decay time constant t as 1,21 ms and 1,22 ms for the
520 and 260 nm excitation, respectively. These results are close to the
value of T = 1,6 ms observed by other investigators (Polikarpov et al.,
2015).

The coincidence of the decay constants of 600 nm Mn luminescence,
caused either by intra-center or recombination processes, allows to
conclude that in the case of RecL, an energy transfer from the primary
excited defect to the Mn?" ion happens very fast and did not hamper
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decay of the Mn?* ion emission. This conclusion is undoubtedly in force
at RT where the measurements were performed.

A time-dependent rise of luminescence pulses related to the used
time scale is not detectable (Fig. 5, a, and b).

3.3.2. Persistent luminescence

In the present research the properties of PersL of AIN:Mn>* Cer are
studied at RT. The samples were irradiated with 263 nm light during
120 s. After cessation of irradiating light, 30 s was waited before the
recording of the PersL signals to avoid the fluorescence signals.

The PersL characteristics for AIN:Mn?* Cer are seen in Fig. 6. The 3D
image of the PersL in wavelengths-time coordinates are depicted in
sections b. As seen from this image, the 600 nm PersL of Mn2" ions are
seen during the applied period of 1000 s. Besides the Mn luminescence,
another long-lasting emission of the oxygen-related defects at 390/480
nm also is observed. From this 3D image (Fig. 6, b), two PersL emission
spectra are constructed at two fixed points on the time scale, when 35 s
and 500 s were passed from the starting point of the measurement, and
the normalized spectra are depicted on Fig. 6, a. These spectra consist of
the bands at 600 nm, 480 nm and 390 nm, and the shape of the Mn?*
caused 600 nm emission does not change during this time. A decay of the
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=
; : \ i dindemniale 0.0
300 400 500 600 700 800 Intensity, a.u.
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o
172}
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Fig. 6. AIN:Mn Cer; RT. PersL caused by 120 s irradiation with 263 nm light; a
— normalized PersL spectra measured at 35 s and 500 s after the beginning of
PersL recording; b — 3D image of PersL in wavelengths-time coordinates; ¢ —
long-lasting decay of 600 nm PersL.
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Fig. 5. AIN:Mn Cer; RT. The 600 nm luminescence decay measured under excitation with 5 ns laser pulse at: a) 520 nm, and b) 260 nm.
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intensity of 600 nm emission is shown in Fig. 6, c.

More detailed measurement of the decay of 600 nm PersL of AIN:Mn
Cer lasting up to 7000 s is shown in Fig. 7. It was found that the con-
ventional three-exponential functions approximation fitted well the
experimental luminescence decay, forming a fast, intermediate and slow
components characterized with the decay constants 7; =44 s, 72 =285
and 73 = 1650 s, respectively.

PersL properties for AIN:Mn?* nanopowders also were studied. In
this case, a results packet, analogous to that depicted in Fig. 6 for AIN:
Mn%" Cer, was obtained, therefore it is not demonstrated as an indi-
vidual figure. A difference observed for these materials is in intensity of
the PersL. The PersL intensity emitted by nanopowder is lower than that
observed in ceramics. This probably occurred due to different doping
temperatures — in case of Cer doping was done at 1600C, but in case of
NP - only at several hundred degrees C (2.1. Materials). As a result Mn
diffusion into AIN NP matrix was likely of smaller extent — Mn concen-
tration in NP was lower than in Cer.

3.4. Luminescence mechanisms

The results discussed above allow the construction of the main
luminescence processes together with the proposal of appropriate
luminescence mechanisms.

For a better understanding of the processes resulting in Mn?* lumi-
nescence and interpretation of the experimental results, the energy level
scheme of AIN:Mn?" is constructed and depicted in Fig. 8. It contains the
valence band (VB) and conduction band (CB) of the AIN host together
with the energy level structure of some defects, which were essential for
the ongoing processes. The main of them are the oxygen-related defects
(Va1-On), separate oxygen ions and Mn?* ions. These defects forms their
energy levels, consisting of the ground energy state and excited states
located inside the bandgap. In Fig. 8, the ground state energy levels of
the examined defects are marked with odd numbers, while the excited
states — with even numbers, correspondingly. Besides, in that scheme,
the number 8 labels the energy levels of various traps for electrons,
whereas the number 7 — the same for the holes. As it is known, there are
several variations of the V4;-Oy centers characteristic for the AIN (Zhou
et al., 2020), and most of them absorb UV-light around 260 nm with the
following emission around 390 nm or 480 nm (Berzina et al., 2009).

The structure of such an energy level scheme is based on the results
of previous investigations of luminescence of oxygen-related defect in
AIN (Youngman and Harris, 1990; Schweizer et al., 2000; Slack, 1973;
Berzina et al., 2009; Berzina et al., 2002; Berzina et al., 2000; Trinkler
et al., 2002; Berzina et al., 2009; Trinkler and Berzina, 2014; Trinkler
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Fig. 7. AIN:Mn Cer; RT; decay of 600 nm PersL caused by irradiation of 263 nm
light during of 120 s. The black curve — experimental results; the red curve —
fitted results using of three exponential functions with decay times: t1, Ta,
and T3.
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and Berzina, 2014; Trinkler et al., 2021). It allowed the location of the
excited state of the V4-Oy center as contacting or partly overlapping
with the bottom of the conduction band. This assumption is based on the
experimental fact that excitation of this center by the UV light around
260 nm results in the emission of characteristic 390/480 nm light, and
also provides energy storage in material, thus manifesting the presence
of free electrons within the CB. These electrons have been released from
the excited V4;-Oy centers and afterwards captured on the appropriate
trap centers (transitions 2 — 8, Fig. 8), and this process was observed
even at low temperatures (Trinkler and Berzina, 2014).

Similar but not analogous and so complicated energy level schemes
for elucidation of AIN:Mn luminescence can also be found in works
(Wang et al., 2014; Wang et al., 2021).

The intra-center luminescence of Mn2' jons in AIN:Mn is
depicted in Fig. 8, involving the transitions 5 — 6, which characterize
the absorption of 520 nm light and the following 600 nm emission
(transitions 6 — 5).

Recombination luminescence of Mn?t jons in AIN:Mn takes
place when the defects, which are responsible for light absorption and
luminescence emission, are different. As followed from the spectral
measurements depicted in Fig. 2 and those of the previously reported
(Cherepy et al., 2016; Xu et al., 2017; Trinkler and Berzina, 2011), the
600 nm Mn?" luminescence is realized with high efficiency by means of
the direct excitation of the oxygen-related defects absorbing light
around 260 nm. According to the energy level scheme from Fig. 8, ab-
sorption of the 263 nm light is depicted as the transitions between the
ground and excited states of the V4;— Oy center (1 — 2), but the 600 nm
emission - as the transitions between the excited and ground energy
levels (6 — 5) of Mn?* ion. Therefore, the energy transfer between the
excited V4 — Oy center and luminescent Mn®" ion is necessary. Two
basic mechanisms for this energy transfer exist. One of them includes
ionization of the primary excited center (transition 2 — CB) with a
subsequent capture of the released electron on the excited states of Mn?*
ion (CB — 6). For the realization of the emission of Mn?* ion (6 — 5),
simultaneous capture of a hole (VB — 5,1 — 5 or 7 — 5) is necessary.
This mechanism depends on temperature and hereafter is named
“recombination luminescence with ionization” with the acronym RLIL
Another mechanism relates to the tunnel processes (with the acronym
RLT) (Delbecq et al., 1974). In Fig. 8 the RLT is labelled by transitions
between the energy levels of the primary excited defect to the excited
states of Mn2* ion including the necessary hole processes (2 — 6;
together with 1 — 5; 7 — 5; VB — 5). Usually, the tunnel processes are
temperature-independent; nevertheless, thermo-assisted tunneling is
also possible (Vedda and Fasoli, 2018).

The RecL processes in AIN:Mn are quite complicated as followed
from the measurements of luminescence kinetics (Fig. 5, b; Figs. 6, and
7), time-dependent rise of luminescence intensity (Fig. 4) and
temperature-dependent luminescence spectra (Fig. 3, ¢, and d).
Engagement of different luminescence mechanisms (RLI or RLT) can
vary during the time scale and depend on the sample’s temperature. The
time scale, where the 600 nm RecL of AIN:Mn under 263 nm excitation is
observable, is huge, beginning from the milliseconds (Fig. 5, b) and
lasting up to ~ 7000 s (Fig. 7) and longer (Cherepy et al., 2016; Xu et al.,
2017), therefore, various mechanisms could prevail within the different
periods of the time scale.

The fast RecL, resulting in the emission of Mn?" ions, appears
during irradiation of the sample with 263 nm light. As discussed above, a
decay of the fast RecL at RT lasts within a time scale of milliseconds, and
its decay constant (t = 1,2 ms) coincides with that observed for the
intra-center luminescence (Fig. 5, a, and b). It allows estimation of the
energy transfer time from the primary excited defect to the luminescent -
Mn?" ion as being very fast, which does not attain the millisecond time
scale. The fast processes are characteristic for the RLT mechanism.
Nevertheless, as seen from Fig. 3. ¢, a decrease of the temperature
downwards the RT results in a reduction of the 600 nm RecL intensity,
which is opposite to the increase of the ICL intensity, measured under
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Fig. 8. An energy level scheme of AIN:Mn illustrating the luminescence processes and proposed mechanisms. A detailed description of this scheme can be found in

the text.

the same experimental conditions, thus manifesting an action of the fast
temperature-dependent RLI process, which was partly stopped at about
150 K. It allows assumption, that within a temperature region below
150 K the RLT mechanism prevails. These results suggest, that the fast
component of the 600 nm RecL of AIN:Mn observed under 263 nm
excitation at RT originates by both the RLI and RLT mechanisms. A
decrease in temperature results in the gradual reduction of the RLI
mechanism, while at 150 K and lower temperatures, the RLT mechanism
could remain as dominant.

The defect types originally absorbing the 263 nm light are important
for realizing the RecL, resulting in 600 nm emission. As previously dis-
cussed, these defects could mainly be related to the oxygen-related
formations, representing the native defects characteristic of the AIN
crystalline lattice. There are several types of oxygen-related defects in
the crystalline lattice of the AIN host (Zhou et al., 2020; Berzina et al.,
2009; Koppe et al., 2016), and as follows from the PLE spectrum
depicted in Fig. 2, two defect types absorbing the 263 nm light resulting
in RecL of Mn?* ions exist. Electrical recharging between the different
defect types and their accumulation, which follow light absorption, is
possible. It could be a reason for the time-dependent rise of the 600 nm
luminescence intensity under 263 nm excitation demonstrated in Fig. 4.

The slow RecL or the long-lasting PersL of AIN:Mn** Cer covers a
time scale measurable in hours at RT, and its properties are demon-
strated in Figs. 6, and 7. In this case, the presence of the fast RecL dis-
cussed above is completely excluded because registration of the PersL
began when the fast processes were over. A decay curve of the 600 nm
PersL, depicted in Fig. 7, is complicated, and it could be described with
three different exponents characterized by distinctive decay constants. It
allows the assumption that at least three main but differing time-
dependent processes originating the PersL exist. Most credibly, these
processes could be based on variations of the defect types involved in the
formation of the RecL. These variations of defects could be caused by the
transformations that follow irradiation of the material with the 263 nm
light, and their lifetimes could be different. As known, irradiation of the
material with 263 nm light did not create new defects but solely results
in the electrical recharging of existing defects. Filling of the traps for
electrons or holes with appropriately charged particles (Fig. 8, transi-
tions CB — 8 and VB — 7, correspondingly) is one of these processes. The
less stable of these defects disappear during a relatively short time,
forming the first two components of the PersL decay (Fig. 7). As dis-
cussed above, the mechanisms resulting in RecL emission are highly
dependent on temperature, and at RT they see include both the RLT and
RLI mechanisms.

The most tentatively, the long-lasting component of the PersL, which
is described with the third decay component (Fig. 7), can be related to

the thermo-stimulated processes realizing through the RLI mechanism
(Fig. 8, transitions 8 — CB — 6, and VB — 5 for electrons and holes,
correspondingly), however, concurrent participation of thermo-
stimulated tunneling completely cannot be excluded (Fig. 8, transi-
tions 8 — 6 and 7 — 5). The origin of the long-lasting component of the
PersL seems to be the same as for the thermo-stimulated luminescence
(TL). The TL measurements are not included in the present study.

According to the RLI mechanism, which is fundamental for both the
long-lasting PersL and TL, an action of the electron-hole pair is necessary
for causing the emission of the Mn®" ion. This mechanism realizes
(Fig. 8) when an electron from the CB, which is previously thermally
released from the trap state (8 — CB), is attached to the excited states of
the Mn ion (CB — 6). As a result of the described process, a change of the
electrical charge of Mn ion from + 2 to + 1 had to follow, but it does not
happen, and the 600 nm emission of Mn?" jons appears (Figs. 2 and 7).
This discrepancy could be treated by capturing a hole in the Mn?* ion
(Fig. 8, transitions 7 — VB — 5). It could be expected that this process
should realize either just before or simultaneously while capturing an
electron to the excited states of the Mn ion. As a result, the valence of
excited Mn ion remains unchanged, and 600 nm emission of Mn** ions
appears. Similar cooperation of the electrons and holes seems necessary
when the RLT mechanism caused RecL of Mn ions and transitions be-
tween the energy levels 8 — 6 or 7 — 5, depicted in Fig. 8, also are
involved.

In the AIN material, at least two groups of the hole centers could be
distributed, and those could participate in forming of the long-lasting
PersL. The first of them could be related to individual traps for holes,
which were caused by randomly distributed native defects of the host
material, forming their energy levels above the top of the valence band
(Fig. 8, levels 7). The second group includes the defects of the crystalline
lattice, which form close pairs with the Mn?" ions and could stimulate
an ionization of the Mn ion. The bivalent Oy ions and their varieties
could be selected as the most important candidates for forming close
pairs with Mn2* ions. On the one hand, such defect association in pairs
in the crystalline lattice of AIN compensates for the local electrical
charge. On the other hand, a difference in the ion radii, relating to the
basic elements of the host material and those of the Mn and Oy impu-
rities (discussed in section 1), also could stimulate a close location of
these two ions in the crystalline lattice. In general, such an approach
elucidates the high efficiency of 600 nm luminescence, which appears at
260 nm excitation (Fig. 2, and (Polikarpov et al., 2015; Cherepy et al.,
2016; Xu et al., 2017).

As reported above, there are no differences in PL spectra and PersL
characteristics when measured for AIN:Mn*" Cer and nanopowders.

Recently, similar PersL properties of Eu>" luminescence in AIN:Eu?*
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ceramics were observed (Berzina et al., 2022). These results together
with those discussed above for AIN:Mn?' allow the conclusion that
exactly the host material structure, which always contains native defects
such as the oxygen-related ones and others, mainly is responsible for the
PersL properties, whereas the various luminescent dopants such as Mn?*
or Eu?t ions serve as emitters and indicators of the long-lasting
processes.

4. Summary

The 600 nm luminescence caused by the Mn2" ions is studied in AIN:
Mn ceramics using spectral methods of investigation, including mea-
surements of luminescence kinetics and studies of PersL properties. The
PersL properties for AIN:Mn nanopowders are studied too. The main
activities and results are the following.

1. Luminescence of Mn?" ions in AIN:Mn Cer was studied when the 600
nm emission was recorded during an irradiation of the sample either
with 263 nm light resulting in excitation of the oxygen-related de-
fects or with 520 nm light directly exciting the Mn* ions. In the first
case, the 600 nm emission could be characterized as recombination
luminescence, whereas, the 520 nm excitation causes the intra-
center luminescence of Mn?' ions. It was observed that at RT,
these photoluminescence spectra of the RecL and ICL coincide
(Fig. 2).

2. In AIN:Mn Cer, the luminescence decay of the RecL and ICL at RT was
studied. In both cases, the 600 nm luminescence decay lasts within a
timescale of milliseconds, and the characteristic luminescence decay
constants (t = 1,2 ms) coincide (Fig. 5, a, and b). It allows concluding
that in the case of RecL the energy transfer process from the primary
excited oxygen-related defect to the emitting Mn®" ion was fast.

3. In AIN:Mn Cer the properties of the fast RecL were studied, including
measurements of 600 nm luminescence intensity at different fixed
temperatures within an interval from RT down to 10 K (Fig. 3, ¢) and
time-dependent rise of luminescence intensity at RT (Fig. 4). It al-
lows evaluation of the action of the mechanisms responsible for the
origination of the fast RecL. Two main mechanisms are based either
on the ionization of the primary excited defects (RLI) or the
tunneling processes between the defects (RLT) causing the 600 nm
emission of Mn?* ions. It allows propose that both mechanisms
coexisted at RT, and the role of the RLI mechanism diminished with a
decrease in the sample temperature. In contrast, at ~ 150 K and
lower temperatures, the RLT mechanism become prevalent. It is
suggested that to realize both the RLI and RLT mechanisms, the
participation of the electron-hole pairs is necessary.

4. In AIN:Mn Cer, the properties of the long-lasting PersL were studied
at RT. It is observed that the shape and spectral location of the 600
nm Mn2" emission band remains unchanged at different points from
luminescence afterglow (Fig. 6, a). The decay of the PersL was
measured down to 7000 s (Fig. 7). This PersL decay could be
described with three exponential functions with different decay
constants T evaluated as 44 s, 285 s, and 1650 s. It demonstrates the
complex character of the PersL processes, including the contribution
of recombination luminescence mechanisms and the role of time-
dependent transformations of excited defects. It could be suggested
that the origin of the longest component of the PersL is the same as
for the thermo-stimulated luminescence, which is realized via the
thermal release of trapped electrons and holes accumulated in the
material during its initial irradiation with 263 nm light.

Similar characteristics of the 600 nm PersL, obtained for the AIN:
Mn?* Cer, were observed for the nanopowders.
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