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1. INTRODUCTION

Metal oxides are important materials in many areas of chemistry, materials
science, and physics. Different metal oxides can be used in the fabrication of
microelectronic circuits, sensors, piezoelectric devices, fuel cells, coatings for
the passivation of surfaces against corrosion, and as catalysts.

Nano-sized materials have gained a lot of attention due to changes in their
properties and appearance if additional qualities as the size of the particles de-
crease. The size of particles affects the crystal structure stability, lattice sym-
metry, and unit cell parameters. Also, the particle size has an effect on electro-
nic properties. A well-known example is the shift in absorption and photo-
luminescence to higher energy known as blue shift in semiconductor nano-
materials as the particle size decreases, this being due to quantum confinement
effects (e.g. PbS nanoparticles [1]).

Aluminium oxide or alumina (Al,O3;), which was studied in this work, has
several unique properties attractive for numerous applications. Just to mention
one — the transparency in deep UV in combination with high corrosion resis-
tance and mechanical strength makes it useful as an optical material for harsh
environment. In nature, aluminium oxide is widely found as a mineral called
corundum. There are well-known aluminium oxide natural derivatives, rubies
and sapphires, which are used in jewel industry. Ruby (aluminium oxide single
crystal doped with Cr*") was also used as the first solid-state laser material [2].

When going from macroscopic aluminium oxide to micro- and nano-size
powders then it is possible to synthesise metastable or transition alumina
phases, which are not found as bulk materials. As the name transition implies,
transition alumina phases are usually present during synthesis processes before
the high-temperature treatment. Metastable phases are stable below certain tem-
peratures and heating the material at higher temperatures we end up with
thermodynamically stable a-Al,O;. The main alumina metastable phases
labelled as y-, 6-, 8-, n- and k-Al,O; differ from each other due to their crystal
structure. This difference in the crystal structure can give raise to different
electronic properties in comparison with the thermodynamically stable a-Al,O;
phase. Some of the properties of transition aluminas can be advantageous for
certain applications, e.g. metastable y-Al,O3; powder is used as a catalysts host
material due to a high specific surface area.

Due to the fact that most of the metastable aluminas are not sufficiently
studied by powerful optical methods (see section 3), the main goal of this
research work was to investigate the electronic and optical properties of diffe-
rent alumina metastable phases (y-, o-, and 0-Al,O3) in comparison with the
thermodynamically stable a-Al,O; phase.

The main aim of the work is to clarify:
e FElectronic properties, nature and relaxation processes of electronic
excitations in transition alumina.



e Influence of (nano)size effects on electronic and optical properties of
transition and a-alumina.

In order to achieve goals set, the specific subtasks were performed:

1. Synthesis of the transition alumina samples and their characterisation.

2. Time-resolved luminescence spectroscopy study at low temperatures
under electron beam and VUV-XUYV synchrotron radiation excitation.

3. Experimental determination of band gap values and relevant properties
of electronic excitations for different alumina metastable phases.

4. Investigation of phase composition and crystallite size related specific
features in luminescence of alumina samples prepared with different
synthesis methods.

5. Analysis of the nature of revealed luminescence bands of intrinsic and
extrinsic origin in different alumina phases.



2. GENERAL AND STRUCTURAL PROPERTIES
OF ALUMINA

In nature, aluminium oxide is usually found as a mineral called corundum, which
is a crystalline form of a-alumina. Corundum can contain a variety of impurity
ions which colour the corundum crystals. The best-known varieties of corundum
crystals are red-coloured chromium impurity containing rubies and blue-coloured
iron and titanium impurities containing sapphires. Corundum has an extreme
hardness which makes it useful to use as an abrasive material and suitable for use
in harsh working conditions. At Mohs hardness scale, it has a value of nine [3].

Structure

Besides the thermodynamically stable alumina phase a-Al,Os there are different
metastable polymorphs (e.g. 9, 0, v, k, 1, A etc.), which all have different crystal
structures. Only crystal structures of investigated phases (o, y, 6 and 0) will be
discussed in this work. Thermodynamically stable a-Al,O; has trigonal sym-
metry with space group R-3¢ (No. 167). The structure of a-Al,Os is presented in
Figure la. Oxygen atoms in a-Al,Os structure can be considered to form a hexa-
gonal close-packed (hcp) sublattice with 2/3 interstices filled with aluminium
cations in an ordered array [4]. The hexagonal parameters for a-Al,O; are
¢ =1.297 nm and a = 0.475 nm [4]. Metastable alumina structures are not well
known as there are no single crystals which are suitable for a standard structure
analysis. Quite often metastable alumina crystallites have nano-size, thus
prohibiting exact identification of their structures due to XRD line broadening.

Alumina a-phase has melting point of 2327 K, boiling point of 3250 K and a
relatively high density of 3.99 g/cm® [3]. As other alumina phases transit to
a-Al,O; at temperatures below its melting point then there are no data on
boiling and melting points for other alumina phases. The value for density
(3.97 g/em®) is known only for y-ALO5 [3].

Metastable alumina structures can be divided into two broad categories
which have either a face-centred cubic (fcc) or hexagonal close packed (hcp)
packing of anions [5]. Alumina polymorphs with fcc packing of oxygen are 9, 6,
v, and n phases and polymorphs with hcp packing are k- and x-ALOs.

v-Al,O3 has been described as a defect spinel structure with space group
Fd3m and idealised formula Alyj+130,42303, (O denotes a vacancy) [4, 6]. In
a-Al,O; cations occupy only octahedrally coordinated interstitial sites forming
AlOg units but in y-Al,O5 about 25-30% cations occupy also tetrahedrally co-
ordinated interstitial sites (AlO, units) and cation vacancies are distributed
randomly over tetrahedral sites [4, 7]. In recent years, other structures were pro-
posed for y-Al,O; as well. There have been propositions that y-Al,O; possesses
a low symmetry tetragonal structure with space group 14,/amd [8,9]. The crystal
structure of y-Al,O; has been an object of debate for years and still it is not
firmly established as the crystallite size is small and lines on a diffractogram are
broad for y-AL,Os.
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Figure 1. Crystal structure of a-Al,O; (a) [10] and 6-Al,0; (b) [11]. Aluminium ions
designated as blue and oxygen ions as red spheres, respectively.

0- and 0-ALL,O; have gathered less attention than y-Al,O; mainly due to diffi-
culties in synthesising phase-pure samples. 3-Al,O; has a superlattice of the
spinel structure with ordered cation vacancies [4]. There have been proposed
two different unit cells for 6-Al,O; — tetragonal or orthorhombic [4]. The two
different unit cells were identified from samples produced using different
synthesis procedures. Newer results by Kovarik et al. [7] show that in 3-Al,0;
there is intergrowth of two closely related crystallographic variants. It was
revealed that this intergrowth structure lacks a long-range periodicity along one
principal direction. The intergrown structures have orthorhombic and mono-
clinic symmetry, respectively. 37.5% of cations occupy tetrahedral sites and
62.5% are located at octahedral sites according to Kovarik et al. [7].

0-AL,O5 possesses monoclinic symmetry and the structure is isomorphous to
B-Ga,0; [4]. The structure of 6-Al,O5 is presented in Figure 1b. Later studies by
Kovarik et al. [12] have shown that 0-Al,Os can be also interpreted as inter-
growth of two crystallographic variants with monoclinic symmetry. One of
these crystallographic variants is structure isomorphous to B-Ga,O; and the
second one similar to one of the structures identified for 6-Al,O; [12]. Both
these structures have previously separately assigned as 6-Al,Oj; structure [4] but
actually, these are intergrowth of both structures [12]. Possibly the ratio of both
crystallographic phases in obtained compounds depends on the synthesis pro-
cedure. In structures isomorphous to B-Ga,O; the cations are equally divided
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between octahedral and tetrahedral sites [4, 12]. In the second structure, similar
to 6-Al,03, cations are substituted to tetrahedral and octahedral sites in a ratio
32.5% and 67.5%, respectively [12].

In summary, the polymorph with the largest occupation ratio of cations at
tetrahedral/octahedral sites is for 0-Al,O; and this ratio decreases in the row d-,
v- and 0-Al,O;, where cations are located only in octahedral sites. Also,
alumina’s metastable polymorphs have lower symmetry and more vacancies are
present in the structure. From this, one can expect rather different luminescence
properties in transition alumina due to intrinsic (incl. excitonic) and extrinsic
excitations.

Phase stability

The stability of alumina polymorphs also depends on the crystallite size. Theo-
retical studies have shown that the y-Al,O; is energetically more stable when it
has higher specific surface area compared to that of a-Al,O;. The latter one is
stable with specific surface area values below 125 m*/g [13]. This means that it
is more difficult to synthesise a-Al,O5; with small crystallite size.

The phase transition temperatures are not very well defined for alumina
polymorphs. The transition can occur in a range of temperatures depending on
the synthesis method and starting material. In Figure 2 the transition tempe-
ratures for some synthesis processes, collected by Levin and Brandon, are
shown [4]. These temperatures and formation of intermediate phases vary a
large extent depending on the precursor materials and selected synthesis route.
At the highest temperatures, the final product is always a-AlLOs.

To conclude, a rich family of transition aluminas is a real challenge for experi-
mental investigation because of coexistence of different phases and variety of
crystallographic structures. There is no doubt that electronic properties are
different due to the varying occupation of cation sites, the amount of vacancies
and complicated structure. Adding influence of crystallite size will extend the
complexity of research task.

150°-300°C 650°-750°C 1000°C

v-Al(OH); (gibbsite) > X > K > a-AlL, O,

300°-500°C F00°=-800°C _ 900°-1000°C 1000°=1100°C

yAIOOH (boehmite) Y 5 0 a-Al,O,

s 200°-300°C 600°—800°C 1000°=1100°C
a-Al(OH), (bayerite) > M >0 > a-Al0,

. 700°-800°C
a-AlOOH (diaspore) ————  a-Al, 04

Figure 2. Phase transition temperatures of metastable aluminas for some synthesis
routes (adapted from [4]).
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3. ELECTRONIC AND LUMINESCENCE
PROPERTIES OF ALUMINA

Electronic properties of materials can be studied using multiple experimental
and theoretical methods. Electron spectroscopy methods in all variations are
widely used in studies of electronic properties of condensed matter. However,
for bulk insulators, it is not so suited because of sample charging effects and
high surface sensitivity. Therefore, photon-in and photon-out techniques like
luminescence, Raman spectroscopy, reflection and absorption spectroscopy are
the main spectroscopic methods. Also, different theoretical methods have been
used to calculate the electronic properties of materials (e.g. based on density
functional theory [14-16]). With the help of luminescence spectroscopy, the
band gap value can be determined and possible electronic states within the gap
due to defects and impurities can be identified. Band (energy) gap is defined as
the energy region between the top of the valence band and the bottom of con-
duction band where no electron states exist in pure, defect- and impurity-free
material. Sharp increase in luminescence excitation efficiency is observable due
to strong absorption at excitation energies larger than the band gap value when
electrons are excited from the valence band to the conduction band and produce
free mobile electron-hole pairs. The energy absorbed in a solid can be released
either radiatively as intrinsic (excitonic) or recombinational (at a defect or
impurity centre) luminescence or non-radiatively forming transient or stable
defects. Free electron-hole pairs can be self-trapped leading to the formation of
self-trapped holes, excitons or even electrons. Self-trapped exciton (STE) is a
bound electron-hole pair, where either electron or hole is trapped in a potential
well due to self-induced lattice distortion [17]. Modelling various (self-trapping
in a perfect lattice, trapping at defects and impurities) electron and hole trapping
processes in oxides (incl. nanomaterials) is a very active research topic [18].

Intrinsic absorption and luminescence of STEs and defects

Electronic and optical properties of a-Al,O; are rather well studied by various
authors and is thoroughly summarised in an overview publication by Valbis and
Itoh [19]. Due to alumina’s relevance in various applications (e.g. [20-22]) and
interest in fundamental aspects of relaxation of electronic excitations (e.g. [23—
26]) the studies of its properties have been continued intensively.

The experimentally determined and theoretically estimated band gap values
for different alumina phases are shown in Table 1. The band gap of a-AlL,O;
equals to 9.4 eV ([23] and references therein). In reality, the intrinsic absorption
for 0-Al,O; starts at 8.85 eV because of the absorption band of p’s excitons
between 8.85 eV and 9.4 eV [23]. After self-trapping two kind of singlet STEs
are formed with emission bands peaked at 7.6 and 3.77 eV, respectively. The
former one is only well excited in the narrow region of long wavelength exci-
tonic absorption 8.85 — 9.1 eV, whereas the latter one reaches maximum at
9.2 eV and is well excited in the region of interband transitions above 9.4 eV.
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The decay time of the 7.6 eV STE emission is either 7 or 22 ns under excitation
in excitonic or interband transition region, respectively [27, 28]. For AlLOs
single crystal, the decay times under XUV excitation (150 eV photons) are 1.05,
7.1 and 53.7 ns, which shows that the decay kinetics can be complicated due to
a very high excitation energy compared to direct intra-centre excitation [29].
The 3.7 eV STE has decay time in ns range [19, 23]. For y-Al,O; and 0-AL,O4
the onset of intrinsic absorption was not previously reported and in our research,
we found the respective values to be equal to 7.0 eV and 7.5 eV, respectively
(Paper I, II and section 7.1 of this work). Later Museur et. al. [30] obtained
similar values for y-Al,O; and 0-Al,O; (Table 1). Kirm et al. [31] have ascribed
excitation onset at 7.2 eV to the intrinsic absorption of AlO, cells in 3-Al,O;. In
thin films, intrinsic absorption starts at ~7.2 eV for crystalline films and ~6.6 eV
for amorphous samples [20]. These films grown by atomic layer deposition
(ALD) were composed of different alumina phases. According to the afore-
mentioned studies, this enables to conclude that the onset of intrinsic absorption
in transition aluminas shifts to lower energies in comparison to a-Al,O; and one
could expect that excitonic absorption and STE emission follow similar trends.

Defects are imperfections in the crystal lattice as side effects of any
synthesis process or can be introduced while exposing to irradiation by ionising
radiation or energetic particles. The most well-known defects for a-alumina are
F and F" defect centres. The F-centre is oxygen vacancy with two electrons and
F'-centre is oxygen vacancy with one electron localised at the vacancy. The
F-centre has emission at 3.0 eV with a long decay time of 36 ms [19, 24]. The
main F-centre absorption band is at 6.1 eV [32]. The F'-centre has emission
peaked at 3.8 eV with a short decay of 2.1 ns [24, 33]. F'-centre has multiple
absorption bands at 4.8 eV, 5.4 ¢V and 6 eV [27, 32]. Another possible defect
centre is F,-centre which consists of oxygen divacancy with four electrons. It
has emission with a maximum at 2.4 eV (decay of 50 or 68 ms) and absorption
band at 4.1 eV [32, 34]. Also, Al;'-centre, which consist of an interstitial
aluminium ion having the charge of +1, has been found in a-AlL,O; with
emission at 2.4 eV and decay of 56 ps [35, 36].

Transition aluminas
For transition aluminas, experimental investigations have been performed for
v-Al,O; [30,37], 8-ALO; [31], 6-AL,O5 [30] and k-Al,O; [38].
k-Al,O; has not been practically studied by luminescence methods and at
room temperature (RT) only single unidentified band at 5.6 eV has been re-
corded in cathodoluminescence study [38]. No band gap value has been
determined for k-Al,Os to our best knowledge. However, the high-energy onset
of this emission band suggests that the energy gap has to be 6.5 eV or higher.
For y-Al,O; emission band at 3.6 eV was revealed at RT and attributed to
F'-centre [37,38]. In y-Al,O; there has been found the F- and F,-centre emission
at 3.0 and 2.4 eV, respectively [39], which coincide with the respective spectral
positions of these centres in a-Al,Os.
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Mixed phase Al,O; samples, a typical situation in transition alumina re-
search, have been investigated by various authors [26, 40—42]. In 3-Al,O; and
v-Al,O; mixture there have been identified F- and F “_centre at 3 eV and 3.8 eV,
respectively, and the emission band at 3.4 eV, which was proposed to be F, —
surface F-centre [41]. The F- and F'-centre spectral positions coincide with
those in a-Al,O3. Gorbunov et al. [42] proposed F'i-centre in a mixture of
3-Al,O; and y-Al,O; with the emission energy of 3.2 eV.

Museur et al. [30] found an emission band at 2.9 eV with two decay compo-
nents in three different alumina phases, a-, y- and 0-Al,O;, and according to
literature three different interpretations were suggested as emission from
F-centre (long decay), F's-centre (short decay) or V-centres (negatively charged
cation vacancies able to trap holes with a positive charge). Also in the same
work, up to three different STEs were revealed and their luminescence data is
presented in Table 1.

Impurity ions

3d elements are common impurities in aluminas showing their typical lumine-
scence. The most well-known impurity Cr’* ion emits in the red spectral region
and the emission lines are recognised as R-lines. The R-lines designate the
’E — *A, transition of Crr'd® configuration. In a-alumina, these lines are at
694.3 and 692.9 nm [2]. The Cr’* luminescence centre has been widely studied
in alumina [22, 25, 43—47]. In 6-Al,O; Cr’" R-lines are shifted to 682.6 nm and
685.9 nm [21, 48, 49]. In y-Al,O; there have not been observed narrow R-lines,
but instead a broad line around 700 nm, which is due to inhomogeneous
broadening [48]. Other optically active impurities are for example Ti'", Fe'",
Mn*" etc. a-ALOs crystal doped with Ti*" has a broad luminescence band with
maxima at 700 nm, which is due to the transition between the 2Eg and szg
manifolds [50]. Al,Os doped with Ti*" is used as tuneable solid state laser [51].
Mn®* luminescence centre has emission at 600 nm and Mn** centre at 676 nm
having a weak vibronic structure [52]. Fe* ion transition 4T1 — 6A1 emission 1s
proposed to be around 750 nm for nano-size alumina [40]. Instead of pure Fe’*
luminescence Snytnikov et al. have proposed the broad luminescence at 750 nm
is due to interaction between Cr’* and Fe’" impurity ions in alumina [21].

Theoretical calculations

Theoretical calculation for optical properties have been made for a-, k-, y-,
0-ALO;[15] %-, x-, 0a-ALO5 [53], y- ALO; [54-56], a-, 6-Al,0; [57]. According
to these DFT calculations, the band gap value changes systematically in tran-
sition aluminas according to the following rule o > « > 6 > y with the calculated
band gap values of 6.72 eV, 5.49 eV, 5.04 eV and 4.40 eV [15], respectively.
Theoretical calculations result in smaller values than experimentally determined
ones, as density functional theory does not describe excited states correctly.
According to the theoretical studies, the general features of the density of states
curves are similar for different alumina phases with two valence bands and a
conduction band. The lower valence band consist of O 2s orbitals, the upper
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valence band consist of mainly O 2p orbitals intermixed with Al 3s and Al 3p
orbitals and the conduction band of O 2s and Al 3s with a small addition of
O 2p characters [15, 57, 58]. Authors observe downshift of the conduction
band, which is the reason of band gap reduction in metastable aluminas, this
being due to occupation of Al atoms in tetrahedral sites [15, 57]. Another
problem with the theoretical studies of metastable alumina polymorphs is that
the exact structure of metastable alumina polymorphs is still questionable.
There have been proposed multiple structures, but structural information is an
important input for band structure calculations and any inconsistency results in
scattered values.

As seen from Table 1 the electronic properties of a-Al,O; are well-known
contrary to transition aluminas where there is still a lot of missing experimental
information, although considerable amount data were recorded during the last
couple of years. Analysis of collected data will contribute to the formation of
general understanding on optical and electronic properties of transition
aluminas.

Table 1. Main electronic and luminescence properties for a-, y-, 8-, and 6-AL,0s.

Phase E, (value or onset of intrinsic | Intrinsic (STE) and extrinsic (defect)
absorption) luminescence bands ant their life-times
given in brackets
Experimental Theoretical
a-phase |E,=9.4¢eV 6.72 ¢V [15] |STE: 7.6 eV (7 and 22 ns) [27] and 3.7 eV
absorption onset |6.24 [57] [19, 23]
at 8.9 eV [23] F3.0eV (36 ms) [19, 24]
F"3.8eV (2.1 ns) [24, 32]
F, 2.4 eV (50 or 68 ms) [32, 34]
Nano-size:
STE 7.6,5.2,4.1 eV [30]
v-phase |6.85 ¢V [30] 440 eV [15]|F 3.6 eV [37,38] or 3.8 eV [30]
F,2.4 eV [39]
d-phase |7.2 eV [31] Two emission bands at 5 and 5.9 eV [31]
0-phase |7.6 eV [30] 5.04 eV [15] |STE 6.0 eV, 4.5 eV and 4.2 eV [30]
4.64 eV [57] |F'3.8 eV [30]
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4. EXPERIMENTAL SETUPS FOR LUMINESCENCE STUDIES

Synchrotron radiation (SR) has in many ways superior properties compared to
experimental setups available in laboratories. It is very bright, polarised, pulsed
and tuneable broadband light source extending from the infrared (IR) to the X-ray
region. SR is electromagnetic radiation which is produced when charged particles
move with acceleration. In the case of synchrotrons, the relativistic charged
particles, electrons or positrons, are accelerated in a circular orbit and emit
electromagnetic radiation in a broad spectral range from which photons covering
4 — 1000 eV were exploited in present work. Also, electron beam was used as
excitation source as with electrons it is possible to create electronic excitations in
broad energy range. But it is not a selective excitation source, which does not
enable to choose exact excitation energy and to perform selective investigations
as in the case of photons. Compared to SR cathodoluminescence (CL) allows
studying luminescence centres with lower quantum yield. Also, the penetration
depth of electrons is larger than that of photons in the case of near band-gap edge
excitation (~10 nm for 10 eV photons, ~50 nm for 130 eV photons and ~500 nm
for 10 keV e-beam) and therefore CL is not so surface sensitive method as
photoexcitation in VUV-XUV range. Luminescence studies of this work were
performed on different setups in Tartu under electron beam excitation and in
Hamburg using VUV-XUV SR at temperatures from 4 to 300 K.

Cathodoluminescence

Low temperature cathodoluminescence (CL) studies were performed using the
home-built setup in Tartu, which was recently upgraded. It consists of two
separate analysing channels based on self-made VUV monochromator equipped
with a Hamamatsu solar-blind photomultiplier R6836 covering 4-12 eV
spectral region. The second channel has an ARC SpectraPro 2300i monochro-
mator operating in UV-visible region with various gratings and detectors
covering 1.5-6 eV spectral region [59]. The Princeton Instruments CCD
detector in combination with the ARC SpectraPro 23001 monochromator allows
registering high-resolution emission spectra. The excitation source is a pulsed
electron gun (EGPS-3101 Kimball Physics) with tuneable electron energy (1—
10 keV) and for the accumulation of decay curves, a multiscaler photon counter
(MSA-300, Becker&Hickl GmbH) is exploited. Decay curves were registered in
a mode with excitation pulse width of 6t = 100 ns and with an interval between
successive pulses At =200 us or 2 ms. The 10 keV electron beam energy was
chosen to get the maximum possible penetration depth in order to maximise
luminescence signal and minimise surface effects. For MgO, the penetration
depth of electrons with energy of 10 keV is around 500 nm [59]. Some spectra
were measured before the cathodoluminescence setup was upgraded. Before the
latest upgrade, there was a different UV-visible monochromator (a double prism
monochromator with a Hamamatsu H6240 photon-counting head) and steady
beam electron gun in use. Before measurement, the samples were covered with
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thin 3 nm Pt films to avoid surface charging under electron beam excitation.
Emission spectra recorded with VUV monochromator were corrected to the
transmission of the detection system.

Experiments under synchrotron radiation

In Hamburg experiments with SR were carried out at two different beamlines
BW3 [60, 61] and I (SUPERLUMI setup) [62] in order to record photolumine-
scence emission and excitation spectra, and decay kinetics. Beamlines BW3 and
I were located at DORIS III synchrotron in DESY (Deutsches Elektronen-
Synchrotron) which was closed in 2012.

The SUPERLUMI setup covered 4 eV — 40 eV (300 nm — 30 nm) excitation
energy range using two gratings coated with AI/MgF, and Pt. The technical
information of primary and secondary monochromators available at the
SUPERLUMI setup is presented in Table 2. The incident arm is equipped with
a McPherson normal incidence monochromator of 2 m focal length. Typically,
the bandwidth of 0.03 nm was used in the excitation arm. It was possible to
apply either a quartz filter for the excitations energies below 6.5 eV or a MgF,
filter for energies 6—10 eV to eliminate excitation by the second orders of
Al-grating. The ARC SpectraPro 2300i monochromator equipped with either
R6358P (Hamamatsu) photomultiplier, or liquid nitrogen cooled Princeton
Instrument CCD-camera was exploited to register luminescence in the range of
1.5 eV to 6 eV. A unique high throughput secondary VUV monochromator
(Pouey type) was used to register luminescence above 5 eV. The technical
information on available detectors is presented in Tables 3 and 4. Sodium
salicylate was applied to normalise photoluminescence excitation spectra to the
same number of incident photons on the sample.

Table 2. Description of monochromators used at the SUPERLUMI setup [63, 64]

Monochromator Primary Secondary VUV

Type McPherson NIM 15° | ARC SpectraPro 308i | Pouey 28°
Czerny-Turner

Aperture :20 f:4 £:2.8

Focal length (mm) 2000 300 500

Grating size (mm) 92100 64x84 130x130

Groove density 1200 300/300/1200 1650

(1/mm) (variable)

Grating optimisation | 100(Al)/45(Pt) 300/500/300

(nm)

Linear dispersion 4 10.8/10.8/2.7 10

(A/mm)

Coating Al+MgF, or Pt Al Al+MgF,

Working range of Al-: 65-330 and Pt- | 190-1100 50-300

monochromators grating: 30-330

(nm)
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Table 3. Technical parameters and optical properties of photomultiplier and micro-
sphere plate used at the SUPERLUMI setup [65]

Detector Hamamatsu R6358P | El Mul E0344DTA1F
Photomultiplier microsphere plate detector

Working range (nm) 185-830 <180

Cathode LMA (multialkali) Csl coating (1 um)

Window UV glass

Amplifier gain 3.5x10° (-840V) 5x10° (-3.5 kV)

Time resolution 1.4 ns 320 ps

Dark pulses (s™) 20 (RT) 5..10

Quantum efficiency (%) 23 (530 nm)

Typical voltage (V) -840 -3000...-3500

Table 4. Technical parameters of CCD detector used at the SUPERLUMI setup [64]

Detector Princeton Instruments
Number of Pixels 1100x300

Size of Pixel 24x24um

Working temperature -118°C

Working range 190-1100nm

Beamline BW3 was a wiggler beamline, which operated in XUV i.e. “soft X-ray”
spectral region [60] among other experiments providing photon beam for a
mobile luminescence setup [61, 66]. It provided exciting photons in the energy
range of 40 — 1800 eV, which covers core levels of Al Is (~1560 eV), 2s
(~118 eV), 2p (~72 eV) and oxygen 1s (~543 eV), 2s (~42 eV). The technical
details of monochromators in operation and detectors are presented in Tables 5
and 6. The primary monochromator is SX-700 (Zeiss) with a planar grating with
6 m focal length. The designed spot size at the sample was 170 x 0.06 pm, in
practice it depended on the beamline alignment and usually, it was a bit larger.
The excitation energy was chosen to be 130 eV for most of the experiments as
at this energy the maximum number of photons was available at BW3. The
luminescence was recorded with a VUV monochromator operating in the range
of 2.5 to 8.5 eV. The excitation spectra could not be corrected using sodium
salicylate as the quantum yield of sodium salicylate changes under XUV
radiation which degrades the performance of sodium salicylate through its
damage leading to increase of non-radiative processes. At the beamline BW3
photon flux was continuously monitored via photocurrent from a gold mesh.
Excitation spectra were finally corrected to the number of incident photons via
recording calibrated photodiode current versus gold mesh signal as a function of
excitation energy. Emission spectra were not corrected to the transmission of
detection system because of the extremely wide energy range (2.5-8.5 eV) used
in our studies.
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Table 5. Description of monochromators in operation at BW3 beamline [66]

Monochromator Primary Secondary
Monochromator type SX-700 VUV Seya-Namioka
Focal length (mm) 6000 400

Groove density (1/mm) 1220 /366 1200

Grating optimization 1.5°/4° 150 nm

Grating coating Au Al+MgF,

Working range (eV) 15-1800 2.5-20

Table 6. Technical parameters of microchannel plate photomultiplier used at BW3
beamline [66]

Detector type MCP-PMT 1645 U-09 Hamamatsu
Working range (nm) 110-850

Amplifier gain 7x107 (-3.0 kV)

Time resolution 0.35ns

Dark pulses (1/s) <1

Typical voltage (kV) -3.0

The great advantage of storage rings with a large circumference, like DORIS
was and PETRA presently in operation at DESY, is the possibility to perform
time-resolved studies. Time-resolved excitation and emission were carried out
at both beamlines used for experiments in Hamburg. The positrons were in-
jected into the storage ring in bunches and the time interval between the
bunches was either 192 ns or 96 ns in the case of 5 or 10 bunch filling, respecti-
vely. The typical width of the exciting pulse was 130 ps. Additional to time-
integrated (TI) luminescence, spectra in two time windows with the length of At
and delay of 6t with respect to exciting synchrotron radiation pulse, were re-
corded (see Figure 3). FTW (fast time window) and STW (slow time window)
are shown in Figure 3. Usually FTW had delay around 6t = 2 ns and length
around At = 10 ns and STW had delay around 6t = 100 ns and length around
At = 50 ns. Both setups allowed to record also luminescence decay curves in ns
region using time-correlated photon counting technique.
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Figure 3. The measurement principle of the time-resolved luminescence detection
technique using time windows. Black is decay curve for selected emission and red
designates a real excitation pulse as recorded. Areas between blue lines mark FTW —
fast time window or STW — slow time window.
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5. SYNTHESIS OF ALUMINA NANOPOWDERS

Oxides can be synthesised in a many ways but broadly it is possible to divide
methods into two broad categories “bottom-up” and “top-down” [67]. When a
material is built up from atomic or molecular precursors which come together to
form nanoparticles then this method is called “bottom-up”. The “bottom-up”
method allows manipulating the properties (for example size, shape, stoichio-
metry, surface area etc.) of resulting nanoparticles [67]. “Top-down” is a
method where you start from larger building blocks and physically tear down
them to reach nanoscale [67]. Aluminium oxide can be synthesised in both
ways. For example, “bottom-up” methods include sol-gel method [68], atomic
layer deposition (ALD) method [20], physical and chemical vapour deposition
[38] etc. An example of “top-down” method is electric explosion of aluminium
wire [69]. In this work, the samples were prepared using plasma processing
technique which is a top-down method [70] and by two “bottom-up” methods
like combustion synthesis method [71] and oxidation of ultrapure aluminium
[72]. In this work samples were synthesised by the author in Tartu as well as
some of the samples were obtained from cooperation partners’ laboratories.

Plasma processing technique and combustion synthesis method

Two studied samples were prepared, using plasma processing technique [70]
from raw alumina of 99.7% purity, in the Institute of Inorganic Chemistry
(Riga, Latvia). Two different samples were produced for studies carried out
with different crystallite size and named Al,O; LV1 and Al,O3; LV2. The phase
composition and crystallite size of these samples are given in Table 7.

Four studied samples were prepared using combustion synthesis method as
described by lanos [71] in Tartu. In papers II and III the results obtained using
combustion synthesis samples are presented. This method allows synthesising
samples with different phase composition and crystallite size. For samples
AlLO; EE1, EE2, EE3 stoichiometric amounts of AI(NOs);-9H,0 (Alfa Aesar,
99.999%) and urea (Alfa Aesar) as fuel were used with the fuel/nitrate molar
ratio 5:2. The post-annealing process was applied to modify phase composition
and crystallite size. Sample EE1, EE2 and EE3 were annealed in air at 1600 °C
for 5 hours, at 1100 °C for 5 hours and at 1000 °C for 1 hour, respectively.
Sample EE4 was synthesised using a fuel-rich mixture with the fuel/nitrate
molar ratio 25:4 and annealed in air at 1000 °C for 1 hour. For sample EE4 the
starting materials for synthesis were AI(NO3);-9H,O (REAHIM, 99.99%) and
urea (Alfa Aesar).

Using a fuel-rich mixture, a lower combustion temperature is achieved and
this results in different phase composition and higher specific surface area com-
pared to the stoichiometric mixture [71]. The starting materials were dissolved
in water and placed in a preheated oven at 500°C. In the oven rapid exothermic
combustion reaction takes place and white powder is produced as a product. As
the alumina phase diagram is rather complex and the phase transition tempe-
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ratures are not very well defined (e.g. depending also on precursor chemicals),
therefore it is difficult to obtain pure transition alumina phases using this
method. In this synthesis method usually a-Al,O; and y-Al,O; are produced in
different proportions [71, 73, 74]. The phase composition and crystallite size of
these samples resulting from the combustion synthesis are given in Table 7.

Oxidation of aluminium

Three additional studied samples (Al,O3; FR1, Al,0; FR2 and Al,O; FR3) were
prepared in Laboratory of Science of Processes and Materials (CNRS, France)
using oxidation of high purity aluminium (99.999%) through a liquid mercury
and silver film. This leads to the formation of macroscopic (cm size), but nano-
structured (characteristic size of 10-200 nm) monoliths [72]. This method
allows producing pure nano-sized Al,O; and with different heat treatment, it is
possible to affect the phase composition and crystallite size. The main impuri-
ties (Si, S, K, Na, Fe, P and Ca) are all together below 10° wt% and other minor
impurities below 10™* wt% [30]. The advantage of this method over combustion
synthesis method is that the amount of impurities is well controlled as high
purity aluminium is used in initial reaction phase. The phase composition and
crystallite size of these samples are given in Table 7.

Comparison of synthesis methods
Synthesis methods using different raw materials can give different phase com-
position as shown in Figure 2. The phase transition temperatures are not well
defined, so it is difficult to produce pure phase transition aluminas. At very high
temperatures (>1100 °C) the main phase will be a-Al,O; with increasing crys-
tallite size due to activation growth processes as a function of temperature.

Combustion synthesis method was selected due to its simplicity and efficien-
cy in comparison with other methods. But it was obvious that one faces the
problem of producing pure phase samples for transition aluminas and also it
was difficult to tune the crystallite size with the post-annealing temperature
selection. Plasma processing technique gives transition alumina phases but the
samples contained more impurities than samples produced with other methods
because this method is used for mass production of powders and the starting
materials are usually less pure than for other synthesis routes. A problem with
combustion synthesis is that it produces agglomerated particles. In comparison,
the wire explosion method results in low aggregation products as shown by
Kotov et al. [69].

In conclusion, as a result of using various synthesis methods, several
samples of different phase compositions with different particle size distribution
were available in this work.
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6. CHARACTERISATION OF OBTAINED ALUMINAS

Crystallite size, morphology, particle size distribution, phase composition and
specific surface area (SSA) of our studied samples were determined using diffe-
rent physical and chemical methods. There are different methods to analyse
these characteristic properties. With X-ray diffraction analysis (XRD) it is pos-
sible to obtain information about the crystal structure, phase composition and
average crystallite size. Surface and particle morphology can be studied with
scanning electron microscopy (SEM) or transmission electron microscopy
(TEM). SSA, which is the ratio of total surface area per unit of mass, can be
measured using BET (Brunaur-Emmet-Teller) method. The phase composition
and crystallite size information is collected in Table 7 for all studied samples.

Alumina produced by plasma processing technique

The characterisation of samples synthesised by plasma processing technique
(Al,05 LV1 and LV2) was done by collaborators in Latvia except for SEM
measurements which were carried out in Tartu. According to XRD analysis, the
phase composition of samples Al,O; LV1 and LV2 were a mixture of 6- and
0-Al,O; phases (Table 7). The average crystallite size was calculated from
specific surface area measurements with spherical particle assumption. The
particle size and morphology was checked by TEM, SEM and atomic force
microscopy (AFM). The XRD patterns of these two samples and as a comparison
gamma alumina XRD pattern are presented in Figure 4a. The main peaks overlap
for y-, 6- and 8-Al,O5; and without applying precise fitting procedures it is not
possible to distinguish different alumina phases. The SEM pictures for samples
AlO; LVI1 and LV2 are presented in Figure 5a and 5b. There one can observe
that the particle size is less than 100 nm and the particles are with spherical shape.

Table 7. Phase composition and crystallite size of alumina samples

Sample name Phase composition Average crystallite size
o0 o A1203 LV1 0- and 6-A1203 75 nm
2E 5 (SSA 25 m*/g BET)
2 S =]
= 8% |ALO;LV2 0- and 8-AL,0; 40 nm
&= (SSA 50 m%/g BET)
» A1203 EE1 (X-A1203 180 nm (XRD)
g ALO; EE2 a-ALOs (~30-40%) 100 nm (XRD)
% —8 Y-, 0- and 6-A1203
£% |ALO, EE3 a-ALO; (~15-20%) 100 nm (XRD)
ZE y-ALO; (~80-85%) <10 nm (XRD)
§ ALO; EE4 a-ALOs (~40-50%) 80 nm (XRD)
y-ALO3 (~50-60%) <10 nm (XRD)
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Sample name Phase composition Average crystallite size
ALO; FR1 a-AlLO; 200-300 nm
Y & (SSA 5-10 m*/g BET)
g2 |ALO,FR2 0-ALO; with traces of|10 nm
_%; g a-ALO; (SSA 110 m*/g BET)
© ® |ALO; FR3 -ALO; 7 nm
(SSA 150 m%/g BET)
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Figure 4. XRD patterns for studied alumina samples a) blue (1) — A,O; LV1, green (2) —

Al,O; LV2 magenta (3) — Alfa Aesar Al,O; gamma, b) green (4) — ALLO; EE1, magenta
(5) — ALLO; EE2, blue (6) — Al,O; EE4, red (7) — ALO; EE3.

Alumina produced by combustion synthesis

The characterisation of samples Al,O; EE1, EE2, EE3 and EE4 were performed
in Tartu by the author. For samples Al,O; EE1, EE2, EE3 and EE4, which were
prepared by combustion synthesis, crystallite size and phase composition were
determined by XRD analysis. The XRD patterns for these samples are presented
in Figure 4b. From XRD analysis using the Rietveld method, it was possible to
calculate quantitative phase composition. The problem, in this case, is the
partial overlap of XRD patterns of different alumina metastable phases and
broad lines of y-Al,O; which are seen in Figure 4b. Due to this the phase
compositions are deduced approximately. Sample ALL,O; EEl1 was a pure
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a-phase sample as it was purposely post-treated at 1600°C for 5 hours, which is
far above a-Al,O; formation temperature. Such treatment resulted in the largest
crystallite size of 180 nm, but still in nanoscale. Samples Al,O; EE2, EE3 and
EE4 were composed of mixed alumina phases. The main phases observed for
these samples were a- and y-phases in different proportions as shown in Table
7. For sample Al,O3; EE2, which was treated at 1100°C for 5 hours, high-reso-
lution luminescence studies in the visible range, which are by far more sensitive
than XRD, showed that there were luminescence peaks, which correspond to
0-Al,0; phase. Other unidentified phases can be present in this sample as well.
It is not possible to say what is the exact phase composition for this sample but
dominating phases are a- and y-Al,O;. Crystallite size was estimated using the
Scherrer equation for samples prepared by the author and the respective values
are given in Table 7. y-Al,O; has a few very broad peaks in XRD pattern and
because of that it is difficult to estimate the exact crystallite size for this phase
but the calculations showed that it is below 10 nm for samples Al,O; EE2, EE3
and EE4. The crystallite size of a-Al,O; phase was for sample Al,O; EE1
180 nm, for samples Al,O; EE2 and EE3 100 nm, and for sample Al,O; EE4
80 nm. The size of a-AlL,O; crystallites in the sample depends on synthesis
conditions and post-annealing temperatures and length. The crystallite size is
smaller for EE4 than for EE3 although the same post-treatment procedure,
1 hour at 1000°C, was used for both samples. But for the Al,O; EE4 fuel rich
synthesis route was applied while for the EE3 sample stoichiometric amounts of
starting materials were used. Since the resulting crystallite size is larger for the
EE3, which indicates that higher temperatures were in the reaction zone. On the
other hand, for phase composition, the effect is opposite as in the EE4 sample
the amount of a-Al,O; is larger than in the EE3 and even in the EE2 sample,
which would be proof of the opposite taking only temperature into account. It is
obvious that influence of various reaction parameters of combustion synthesis is
more complicated than simple analysis can provide. Morphology of nano-
particles was checked using SEM method. The SEM images are presented in
Figure 5, which show that the crystallites are agglomerated into larger particles
with a size of few hundred nanometres up to a couple of micrometres.

Alumina produced by oxidation of aluminium

Crystallite size and phase composition of the samples Al,O; FR1, FR2 and FR3
were studied by collaborators in France. The crystallite size for these samples
are 200-300 nm for Al,O; FR1, 10 nm for Al,O; FR2 and 7 nm for AL,O3; FR3
[30]. These samples had pure phase composition according to the producers.
The SEM images (Figure 6) of these samples show that morphology of the
samples is different from other samples as the samples consist of ultraporous
monoliths, which are composed of tangled alumina fibres. On TEM images
(Figure 6) one can resolve more detailed the morphology of the nanoparticles
formed in the applied aluminium oxidation process. For samples Al,O; FR1 the
particles are around 200 nm with small rod shape. Samples Al,O; FR2 and
AlLO; FR3 have tangled fibrous structures (see Figure 6).
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Conclusion

Morphology of these three classes of samples is quite different. In samples LV1
and LV2 we can see small particles which are not agglomerated to larger ones
(Figure 5a and 5b). On the contrary, in combustion synthesised samples Al,O;
particles are agglomerated into larger units (Figure 5c-5f). The smaller alumina
particles of samples Al,O; FR1, FR2 and FR3 are agglomerated forming fibre-
like structures (Figure 6). This shows that powders manufactured in three diffe-
rent methods give completely different morphology of the particles which can
influence the outcome of luminescence studies (see Section 7). The average
crystallite size is different for different alumina phases. Due to differences in
the phase transformation temperatures, the a-Al,O; has the largest crystallite
size and y-Al,O; the smallest one with the other phases in between these two.

a) ALO, LV1 b) AL,0, LV2

E: d 120nm _

SEMHV:20.00KY  WD:7.6630 mm I VEGAW TESCANSEM HV: 2000 KV WD: 74878 mm VEGAW TESCAN
View field: 2.159 ym  Det: SE n [ View field: 2.126 ym  Del: SE -
Date(midy): 03/24/09 _pikker erformance in nanospact o[ oate e (midy): 03/24/09 _ pikker erformance in nnrmspacen

Figure 5. SEM pictures of studied alumina samples using plasma processing method (a,
b) in Latvia and combustion synthesis method (c, d, e, f) in Tartu.
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Figure 6. SEM (on left) and TEM (on right) pictures of samples produced using
oxidation of aluminium method in France.
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7. LUMINESCENCE STUDIES OF
MIXED TRANSITION ALUMINA

7.1 Intrinsic absorption onset of
different alumina nanopowders

In order to determine the onset of intrinsic absorption, we studied the excitation
spectra for centres, which are intrinsic by their nature. Usually, absorption and
reflection spectroscopy is applied in such studies, but the alumina samples are
powders, which are neither transparent nor reflective, thus does not enable such
measurements.

In paper 111 the shift of exciton excitation band was revealed and discussed.
Figure 7 shows excitation near the intrinsic absorption region at 10 K for 7.6 eV
STE emission for samples Al,O; EE1, Al,O; FR1 and Al,O; single crystal.
These three samples consisted only of a-Al,O; phase. One can observe a
0.15 eV shift in the onset of intrinsic absorption towards higher energies in
nanopowders compared to the single crystal. This effect can be caused by the
anisotropy of material, the size of crystallite or stress effects as discussed below
(Paper I1I).

Firstly, Al,Oj3 is an anisotropic material (see [23]) and small shifts can occur
due to sample’s different orientation with respect to the polarized synchrotron
radiation. This effect has been shown in low-symmetry materials, for example
in tungstate crystals [75]. However, the studied single Al,O; crystal had the
c-axis in the direction normal to the incident synchrotron radiation and there
should be no orientation effects (paper III). One can assume that crystallites in
nanopowders are randomly oriented with respect to the polarised synchrotron
radiation, therefore no orientation effects can be expected.

Secondly, the studied alumina powder samples had crystallites sizes around
200 nm, therefore the possibility of quantum confinement effects is negligible.
The nano-size of crystallites can cause these effects for excitons with dimen-
sions comparable to crystallites. Confinement effects of large radius excitons
have been investigated in multiple works (see e.g. [75]). But there is a signi-
ficant difference in the case of alumina, where only strongly localised intrinsic
excitations, so called self-shrunk excitons, have been observed [23]. These
excitons have a radius comparable to a lattice constant and their electronic states
cannot be influenced by crystallite size of 200 nm. In CdWOQ; thin films, the
shift of the intrinsic absorption onset to higher energies by 0.4 eV compared to
single crystals has been found and it was explained through differences in
optical density of thin films and thick crystal sample [76]. It is not the case for
alumina nanopowders as the studied samples were macroscopically thick like
crystals.

Thirdly, there have been considerations of residual stress effects due to the
treatment of sample surface, which can cause shifts of spectral features in the
reflection spectra [77]. In our case, no special treatment of powders was done,
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but in our opinion (see paper III) the observed shift can still be induced by
residual stresses produced during synthesis process of aluminas.

Generally, (nano)powder samples are known to behave differently than
single crystals with a displacement of excitation features. The studies performed
revealed such shift in nanopowder samples, but also in alumina ceramics [78]
with micrometre size crystallites with sample morphology more like that of
macroscopic crystals. Therefore, there is a good ground to assume that further
studies are needed to provide a detailed explanation.

Intensity (arb. units)

85 9 9.5
Energy (eV)

Figure 7. TI excitation spectra for 7.6 eV luminescence at 10K. Black (*) — AL,Os
crystal; Green (+) — AL,O; EE1 and blue (O) — Al,O3 FRI1.

Intrinsic absorption of 6-Al,O;

For samples Al,O; LV1 and LV2 the intrinsic absorption onset at 7.5 eV was
determined in paper 1. This result is illustrated by excitation spectra for the UV
emissions in samples Al,O; LV1 and LV2, which are presented in Figure 8 a2.
Taking into account that these samples are the mixture of 8- and 6-AL0;, it is
not possible to determine the onset of fundamental absorption for these phases
separately. On the other hand, the bandgap value of 7.6 eV for pure 0-Al,O; has
been reported by Museur et al. [30]. For reference, the spectrum of Al,O; FR2,
which is mostly pure 6-Al,O; synthesised by Museur team, but measured by our
group is also presented in Figure 8 a2. As a result, it is clearly observable from
Figure 8 a2 that the excitation onset for all samples is at the same energy at
7.5 eV. In the transparency range, there is a low energy excitation peak at
5.4 eV in the FR2 nanopowders, which is due to defect states (see section 7.4).
For 8-Al,O; the onset of intrinsic absorption was reported at 7.2 eV [31] and it
was ascribed to the intrinsic absorption of AlO, cells. It is likely that in the LV1
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and LV2 nanopowders the contribution of 3-Al,O; is lower because the d-phase
formation temperature range (900—1000 °C) is below of that for 6-phase [4].
Therefore, there are no clear indications of d-phase in the excitation spectra.

al)

Intensity (arb. units)

c2)

2 3 4 5 6 7 8 965 6 7 8 9 10

Energy (eV) Energy (eV)
Figure 8. Emission spectra (al, bl) excited with 130 eV photons and (c1) with 9.5 eV
photons on the left at 8K. Excitation spectra for the emissions in the UV region of
alumina nanopowders on the right at 8K. al) blue — ALO; LV1 and magenta — Al,O;
LV2 a2) blue — ALO; LV1 excitation for 4.4 eV, green — Al,O; LV1 excitation for
5.5 eV, magenta — Al,O; LV2 excitation for 4.4 eV, red — ALO; FR2 (8-AL,05)
excitation for 4.1 eV. bl) black — Al,O; EE1, magenta — AL,O; EE2, red — Al,O; EE3
and blue Al,O; EE4. b2) black — Al,0; EE1 excitation for 4.6 eV, magenta — Al,O; EE2
excitation for 4.5 eV, red — AlL,O; EE3 excitation for 4.1 ¢V and blue Al,O; EE4
excitation for 4.3 eV. cl) green — emission for 9.5 eV excitation of y-Al,O3
nanopowders. c¢2) red — diffuse reflectivity and green — excitation for 3.1 eV emission of
v-Al,O; nanopowders.

Intrinsic absorption of y-AL,O;

In the paper II, the intrinsic absorption onset of 7.0 eV for y-Al,O; was
discussed using the recorded y-Al,O; diffuse reflection spectrum and the
excitation spectra for Al,O; EE2 — EE4 nanopowders composed of mixed
alumina phases. Diffuse reflection spectrum provides data on host absorption
for non-transparent powder samples. Especially useful in cases when supported
by luminescence excitation spectra. For y-Al,O; powder diffuse reflection
spectrum shown in Figure 8 c2, a decreasing of intensity occurs in the range of
6.2-8 eV followed by a constant plateau above 8 eV. This points to the
beginning of the host absorption being below 7.0 eV. The excitation spectrum
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for 3.1 eV emission has a band peaking at 6.2 eV, which is followed by a
broader band covering energy range of 6.8-7.8 eV.

In Figure 8 b2, the excitation spectra for ALLO; EE1 — EE4 nanopowders are
shown. For the sample EE2, which was a mixture of different phases (mostly v,
0, o), one can distinguish several onsets in excitation spectrum when energy
increases (Figure 8 c2). The first step is at 6.8—7 eV, which is correlated with
the broad excitation band at 7.0 eV in Figure 8c. It is attributed to the onset of
v-Al,O; host absorption. The second step occurs at 7.5 eV, which was attributed
before to the 0-Al,O; host absorption and the third step at 9 eV corresponds to
the onset of intrinsic absorption of a-Al,Os (Paper Il and references therein).
These two results are congruent and allow to assign the energy region above
7 eV to host absorption of y-Al,O; (Paper II). Later, the start of intrinsic
absorption of 6.85 eV for y-Al,O; was reported by Museur et al. [30], which
coincides well with our measurements.

These experimental results can be compared with the values from theoretical
studies carried out by different authors (see Section 3). According to the studies
the band gap value decreases in the following order a > « > 6 > vy, with values of
6.72 eV, 549 eV, 5.04 eV, 4.40 eV [15]. It occurs due to the lowering of
conduction band states by the introduction of AlO, structural units. Although
these theoretical values are underestimated due to a known shortage of DFT
calculations, the trend and differences in band gap values are in good agreement
with the experimental values for different alumina phases.

In conclusion, we investigated the electronic structure of aluminas including
the onset of intrinsic absorption for the mixture of 6- and 8-Al,O; and as well as
for y-Al,O5 and a-Al,O; nanopowders. To the best of our knowledge, this was
the first report on the y-Al,O; band gap value deduced by luminescence
methods. A shift of the onset of intrinsic absorption for nanopowders in com-
parison with a single crystal of a-Al,O; was revealed being attributed to residual
stresses introduced during synthesis of nanocrystals.

7.2 Intrinsic luminescence in the UV and VUV range

In Figure 9 (left panel) the emission spectra under 130 eV photons and 5 keV
electron-beam excitation at 8§ K for combustion and plasma processing
synthesised nanopowders are visualised. In Figure 10 similar spectra for nano-
powders produced in France (FR1, FR2 and FR3) are depicted as well. The
origin of luminescence bands was discussed in papers I, II and III for different
samples. As discussed in Section 3 the main defects in alumina are F- and
F'-centres with emissions peaking at 3.0 and 3.8 eV, respectively. In our samples
(Figure 9) luminescence in two regions covering VUV and UV-visible region
were investigated. For combustion synthesis ALO; EE1 — EE4 nanopowders
(Figure 9 al — d1) and for samples FR1 and FR2 (Figure 10 al and bl), the VUV
band peaking at 7.6 eV and the UV band with a maximum at 4.5 eV were
detected. Samples Al,O; LV1 and LV2 have two emission bands with maxima
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at4 and 6 eV (Figure 9 el and f1). Sample FR3 had broad band covering region
from 2 — 5 eV (Figure 10 c1).

Intensity (arb. units)

Energy (eV) Energy (eV)

Figure 9. Emission spectra excited by 130 eV photons at BW3 and with electrons on
the left and excitation measured at SUPERLUMI setup on the right at 5 — 8 K. Black
lines indicate time integrated (TI) spectra, red lines correspond to luminescence
recorded in fast time window (FTW), green lines correspond to slow time window
(STW). Black circles on the left indicate TI cathodoluminescence spectra measured at
8 K with 5 keV electrons. Time window values were for FTW 6t = 2 ns and At = 10 ns
and for STW &t = 100 ns and At = 50 ns. al) Al,O; EE1 PL and CL emission spectra;
a2) Excitation spectrum for 4.6 eV emission; bl) Al,O; EE2 PL and CL emission
spectra; b2) Excitation spectrum for 4.5 eV emission; cl) Al,O; EE3 PL and CL
emission spectra; c2) Excitation spectrum for 4.1 eV emission; d1) Al,O; EE4 PL and
CL emission spectra; d2) Excitation spectrum for 4.1 eV emission; el) Al,O; LV1 PL
and CL emission spectra; e2) Excitation spectrum for 4.5 eV emission (lines), excitation
spectrum for 5.5 eV emission (circles); fl) Al,O; LV2 PL emission spectrum;
2) Excitation spectrum for 4.4 eV emission.
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Figure 10. Emission spectra excited by 130 eV photons at BW3 and with 10 keV
electrons on the left and excitation measured at SUPERLUMI setup on the right at 8 K
for samples FR1-FR3. Black lines indicate time integrated (TI) spectra, red lines
correspond to luminescence measured in fast time window (FTW), green lines
correspond to slow time window (STW). Black circles on the left designate TI cathodo-
luminescence spectra measured at 8 K with 10 keV electrons. Time window values for
spectra measured at BW3 were for FTW 8t = 1 ns and At = 5 ns and for STW ot = 15 ns
and At = 65 ns. Time window values for spectra measured at SUPERLUMI were for
FTW 6t = 2 ns and At = 10 ns and for STW ot = 100 ns and At = 50 ns. al) Al,O; FR1
PL and CL emission spectra; a2) Excitation spectrum for 4.2 eV emission. bl) Al,Os
FR2 PL and CL emission spectra; b2) Excitation spectrum for 4.1 eV emission.
cl) ALLO; FR3 PL and CL emission spectra; c2) Excitation spectrum for 4 eV emission.

STE emission at 7.6 eV and 6 eV

The highest intensity of 7.6 eV luminescence among studied samples was
detected for the samples Al,O; EE1 and FR1 (Figures 9 al and 10 al), which
arises from a combination of pure a-Al,O; phase composition and the largest
crystallite size (180 nm and 200-300 nm, respectively). The decrease of
crystallite size and amount of a-phase results in the increasing probability of
non-radiative transitions at crystallite facets, leading to lower intensities for
7.6 eV emission in other nanopowders. The VUV band is shifting also towards
lower energies when the amount of a-Al,O; decreases (Figure 9 al — dl) in
samples Al,O; EE1 — EE4. This effect can be accounted to reabsorption of
VUV luminescence by transition aluminas (especially y-Al,Os), which have the
onset of intrinsic absorption at 7 eV (Section 7.1 and paper II). Also, changes in
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phase composition of nanopowders in favour of a bigger share of transition
aluminas leads to the corresponding decrease of the intensity of 7.6 eV
emission. In Al,O; FR2 nanopowder the 7.6 eV band is detectable although
shifted to lower energies. According to the XRD analysis the sample should
have only pure 06-Al,O; phase. As the 7.6 eV emission is characteristic to
a-Al,O; then it is possible to conclude that in this sample certainly small
amount of a-Al,O; phase is present, which is a demonstration of the possibility
to distinguish different alumina phases using luminescence spectroscopy.

As was mentioned in the description of used experimental setups (section 4)
the time-resolved measurements provide very valuable characterization para-
meters for dynamics of electronic excitations in the studied nanopowders. In the
analysis of the decay kinetics, the excitation regime (the value of excitation
energy) must be taken into consideration (see the overview of earlier time-
resolved studies on 7.6 eV emission in section 3). We recorded decay kinetics
for 7.6 eV emission under 130 eV photon excitation of BW3 synchrotron beam-
line at DESY in Hamburg. As was expected for the case of inner shell
excitation, the obtained decay curves were non-exponential. Applied numerical
fit resulted in a sum of three exponents, which gave the following values of time
constants: 0.4, 2.4 and 18.4 ns; 0.4, 1.6 and 5.6 ns; 0.1, 0.4 and 7 ns; 0.2, 0.9
and 5 ns for ALL,O; EE1, EE2, EE3 and EE4, respectively. The fastest compo-
nents of numerical fit results are comparable with the detector response time
and therefore should be considered as a detection limit without further inter-
pretation. These results indicate that the luminescence decay processes in nano-
powders are faster than in single crystals [29]. This effect can be explained by
non-radiative relaxation channels, which are becoming more dominant with
decreasing of crystallite size (Paper II). For sample Al,O; EE1 we were able to
register the decay of 7.6 eV emission also under direct exciton excitation using
9 eV photons at SUPERLUMI setup. The measured decay time for this case
was 2.7 ns, which is considerably shorter than found for the a-Al,O; crystal
with a typical single exponential decay time of 7 ns [29]. This shortening is also
assigned to a smaller crystallite size, which increases the probability of non-
radiative decay channels.

In samples Al,O; LV1 and LV2 no luminescence at 7.6 eV was revealed, but
instead of this the fast luminescence at 6 eV was found (Figure 9 el and f1).
The decay of this band can be approximated by the sum of two exponents with
time constants of 0.5 ns and 3.9 ns for sample LV1 (excited at 130 ¢V) and
0.93 ns and 8.4 ns for sample LV2 (excited at 100 eV), respectively. Photo-
excitation at lower energies (10.8 eV) performed at the SUPERLUMI station
resulted in decay time components of 2.2 and 13.3 ns. Its fast decay (compar-
able to 7.6 eV STE emission of a-Al,O; phase in other samples) and excitation
spectrum for this emission (see Figure 9 e2), which has the onset at ~7.5 eV
with the fast component dominating, strongly support our interpretation for this
6 eV emission as singlet STE emission in 0-Al,0; phase (Paper I) which was
confirmed by results of later study reported by Museur et al. [30].

35



Regarding the origin of VUV bands at 7.6 and 6 eV, it can be concluded that
both are due to radiative decay of singlet type STE with a lifetime in ns range of
different phases. The a-Al,O; consists of AlOg structural units, whereas 6-Al,0;
is built up of both AlOg/AlOy units in 1:1 ratio. The different local geometry of
latter ones is probably responsible for different STE properties in 6-Al,O;
phase. The decay time of STE emission in nanopowders is affected by the
influence of crystallite size mainly due to non-radiative relaxation channels,
which are becoming more dominant with decreasing of crystallite size and
results in shortened lifetime of electronic states.

STE emission at 4.6 eV

Strong luminescence was discovered in the UV range of 4-5 eV (Figure 9 al to
fl and 10 al to cl) in all studied alumina nanopowders with varying peak
positions. This 4.6 eV emission has dominating slow decay (750-780 ps com-
ponent), as revealed in pulsed cathodoluminescence study (see Figure 11). This
observation and faster ns components observed under XUV excitations (Figure
9, left panel, spectra in fast and slow time window designated by red and green
lines, respectively) suggest that there are several overlapping luminescence
centres present in nanopowders. The phenomena related to the defects will be
discussed later in section 7.3. Both XUV and steady electron beam excitation
resulted in rather similar emission spectra. The excitation spectra for these UV
emissions in the Figure 9 a2 to 2 and Figure 10 a2 to c2 depend on particular
phase compositions of samples. The absence of excitation bands in the
transparency range (Figure 9 a2, b2, e2, f2 and Figure 10 a2) points to its
intrinsic nature. The 750-780 ps lifetime of 4.6 eV emission supports the as-
sumption that it is due to radiative decay of triplet STE (see our Papers I, II and
111, and results in [30]).
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Figure 11. Decays for 4.6 eV emission under pulsed electron excitation at T = 78 K.
Decays were fitted with one exponential and values are given in the brackets. Black —
ALO; EEI1 (1= 750 ps); green — Al,O; EE4 (1 =780 ps).
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7.3 Defect luminescence in aluminas

In alumina, there are a plenty of different defect centres, which influence mate-
rial performance, participate in relaxation processes of electronic excitations
and can be investigated using luminescence as was discussed in section 3. The
most well-known are F- and F'-centres having luminescence at 3.0 and 3.8 €V,
respectively in alumina crystals (see section 3 for details). For transition,
aluminas there is some information about how the properties of these main
centres change and which type of centres are present in transition aluminas (see
section 3 for details). In this section, the defect luminescence in transition and
nano-size aluminas will be discussed.

Defect centre luminescence in nano-size a-Al,O;

In Figure 12 emission and excitation spectra for two nanopowders, Al,0; EEI
and FR1, containing only o-Al,O; are presented. Crystallite sizes of these
samples are 180 nm and 200-300 nm for Al,O; EE1 and FR1, respectively.
Studies revealed that the behaviour of luminescence is different for these
samples. Sample EE1 possesses slow luminescence component peaked at
3.0 eV (Figure 12 al) with the dominating excitation band at 6.0 eV (Figure 12
a2), which correspond very well to the F-centre luminescence properties in the
a-Al, O3 crystal ([19] and Section 3). Using pulsed electron beam excitation, the
measured decay was 23 us (Paper III), which is significantly shorter compared
to 36 ms revealed for F-centre in single crystals earlier (Section 3) However, the
pulsed CL experimental conditions are not suited for exploring ms time range.
Kortov et al. reported for 3 eV emission decay times under electron excitation
below 1 ps in nanoceramic alumina samples [79].

Looking at sample FR1 the fast luminescence dominates, peaking at 3.1 eV
(Figure 12 bl) and this emission has rather complicated excitation spectrum
with the bands at 5.2, 6.0 and 7.3 eV (Figure 12 b2). The decay times of this
luminescence remain unchanged and were equal to 1.5 and 8 ns when excited
with 5.2 eV or 6.2 eV photons. This complicated excitation band structure and
fast decay times are similar to F'-centre excitation spectrum where excitation
bands were found at 4.8, 5.4 and 6 eV with a decay time of 2 ns in 0-Al,O;
single crystals (see section 3). This luminescence centre can be due to either a
surface defect or regular F* centre with a large red shift of its emission in
comparison to single crystals. Under electron beam excitation and by XUV
photons for the nano-size sample FR1 the well pronounced 3.8 eV band with
decay components of 1.9 and 26 ns was revealed (Figure 10 al). Under pulsed
electron beam excitation for the decay of 3.8 eV luminescence band, the longer
luminescence components 0.7 and 29 ps were also identified (Paper III),
indicating that complicated relaxation processes take place together with over-
lapping luminescence centres of different nature. According to Surdo et al. [24],
an additional slower decay component appears for F'-centre’s luminescence
when the excitation energy increases. As cathodoluminescence and XUV
excitation are less surface sensitive compared VUV excitation one can observe
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differences in the recorded emission spectra (see Section 4 for details). Taking
into account all experimental results, which do not support the remarkable red
shift of F" luminescence centre by 0.7 eV, there has to be another explanation.

Hence the 3.1 eV emission band is more likely linked to surface effects as
the powder has nano-size crystallites (200-300 nm) and the emission band is
relatively stronger when surface sensitive experimental conditions were applied.
Therefore this 3.1 eV band is assigned to the surface F'-centres (F'), which has
been previously described and discussed by Gorbunov et al. [42]. In the present
case, the excitation bands positions are in agreement with ones at 5.24, 6.13 and
7.44 eV with a decay of 0.5 and 5 ns recorded by Gorbunov et al. [42]. In the
present study, fast decay components are slower (1.5 and 8§ ns) in the sample
EE1 than that of Ref 42. Although studied nanopowders have even smaller
crystallite size, the agglomeration of nanoparticles can influence dynamics, as
was discussed in Section 6. Therefore, the fastest component below 1 ns is not
observed in the present case. One cannot exclude the influence of various
synthesis methods used as these can produce nanocrystallites with different
defect composition. Although the fast luminescence component is dominating
in the sample FR1, there are slow components present, with decay components
0.4 and 5 ps (Paper III). Obviously, F-centre contributes to revealed emission,
although the typical excitation band at 6 eV for slow luminescence is absent,
which usually points to the presence of F-centres (see Figure 12 b2).
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Figure 12. Emission and excitation spectra for pure a-Al,O; nanopowders at 8 K. Time-
integrated (T1) — black, FTW — red and STW — green line. Time window values were
for FTW 6t = 2 ns and At = 10 ns and for STW 6t = 100 ns and At = 50 ns. al) ALLO;
EE1 — emission spectrum excited by 7.1 eV photons; a2) excitation spectrum for
2.88 eV emission; bl) ultra-porous Al,O; FR1 (0-Al,O;3) — emission spectrum excited
by 7.0 eV; b2) excitation spectrum for 3.1 eV emission.
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Defect centre luminescence in nanopowders composed mainly of 0-Al,O;
Results of luminescence study for primarily 0-Al,O; containing samples LV1
and FR2 are depicted in Figure 13. There is a similar fast luminescence com-
ponent at 3 eV as shown for the sample FR1. This 3 eV luminescence in the
sample LV1 has excitation bands at 5.1, 5.8 and 7.1 eV (Figure 13 a2 circles)
and the decay components of this luminescence were 3.6 and 11.6 ns when
excited with 7.1 eV photons. These values are similar to the ones obtained for
FRI1. In the case of FR2 nanopowder, there is the strongest feature a broad
excitation band at 6 eV and we do not see other bands at the side (Figure 13 b2
lines). The 6 eV excitation band contains both slow and fast emissions, so the
presence of two different centre emissions cannot be excluded. The decay time
of this centre emitting at 3.1 eV has two components 1.7 and 8.6 ns using 6 eV
photon excitation. These values are similar to those observed for the FRI
sample and therefore a similar explanation is given proposing the existence of
surface F'-centres also in these samples although there are some differences in
the excitation spectra.
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Figure 13. Emission and excitation spectra for nanopowders composed mainly of
0-Al,05 at 8 K. Time window values were for FTW 6t = 2 ns and At = 10 ns and for
STW &t = 100 ns and At = 50 ns. Time-integrated (TI) — black, FTW — red and STW —
green line or symbols. al) AL,O; LV1 — emission spectrum excited with 7.1 eV photons;
a2) excitation spectrum for 2.5 eV emission (lines) and excitation spectrum for 3.1 eV
emission (circles); al) ultra-porous Al,O3 FR2 (0-Al,03) — emission spectrum excited
with 7.0 eV photons; b2) excitation spectrum for 3.1 eV (lines) and 4.1 eV (circles)
emission.
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For the LV1 nanopowder, there is also a slow emission peaked at 2.6 eV with
rather complicated excitation band structure. The excitation bands have maxima
at 5.4, 6.2 and 7.4 eV. This red shifted band is interpreted this as F-centre
luminescence (Paper I). But performed experiments did not confirm the
existence of similar slow luminescence band in the sample FR2.

Additional fast luminescence is observed in the sample FR2 present as a
shoulder at 4.1 eV. Although in a-Al,O; luminescence in UV peaked at 4.6 eV
was attributed to self-trapped exciton luminescence (see Section 7.3), in this
sample the excitation spectrum recorded at 4.1 eV contains multiple excitation
bands in the transparency range excluding its intrinsic nature (see Figure 13 b2).
The bands are located at 5.4 and 6.3 eV and the luminescence is also excited
through the energy transfer processes in the intrinsic absorption region for
0-Al,0; (>7.5 eV, see section 7.1). The decay time of this centre has two
components 1.2 and 9.7 ns, and 2.4 and 20.5 ns when excited with 5.5 and 8 eV
photons, respectively. Due to its fast nature and spectral location in the region
typical for F'-centre, it is attributed to the F"-centre luminescence.

Defect centre luminescence in nanopowders composed mainly of y-Al,O;
Sample Al,O; EE3 was mainly composed of y-Al,O; (see Table 7) and the
sample FR3 consist of pure y-Al,O;. However, rather similar luminescence
spectra were observed for both these samples like in other transition aluminas.
The main luminescence band covers region from 2 to 5 eV with bands peaked
near 3 and 4 eV.

In the EE3 nanopowder, there is a luminescence band at 2.9 eV which
contains both fast and slow emission components (Figure 14 al). The excitation
spectrum of 2.9 eV emission for a slow component resembles that of the
a-Al,O; EE1 nanopowder recorded at 2.88 eV (Figure 12 a2), although the
shoulder at 5.4 eV is more pronounced for y-Al,O; (Figure 14 a2). Based on the
similarity of spectral features it is assigned to F-centre luminescence.

In the excitation spectra for the fast decay component of emissions at 3.2 eV
and 4.1 eV, there are excitation bands at 5.8 and 7 eV and bands at 5.8, 6.3 and
7.2 eV, respectively. The main difference is the appearance of pronounced
excitation band at 6.3 eV (Figure 14 a2 compare spectra depicted as dashed
lines and symbols), which consist of the fast decay component. The decay
recorded at 3.5 eV excited with 6.4 eV photons has two components 2.1 and
13.6 ns. Most probably the decay times obtained arise from the superposition of
two different defect centres, which both have ns-range decay times. Namely, on
the lower energy side F',-centre and on higher energy side band the F'-centre is
contributing to the decay profile and emission spectra.

In the case of pure y-Al,O; FR3 in the excitation spectrum for 3 eV emission
(Figure 14 b2 line), there are two major excitation bands at 5.4 and 6.0 eV.
There are no features present at 7 eV like for FR1 and LV1, which is due to the
fact that intrinsic absorption for y-Al,O; starts at 7.0 eV (see Section 7.1).
Analogously to other transition alumina, this emission peaked at 3 eV is attri-
buted to the F'-centre. The excitation spectrum for 4.1 eV emission (Figure 14 b2
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circles) shows also two excitation bands at 5.5 and 6.3 eV, which are located at
the same place as for the sample FR2 (8-Al,0O5 containing sample). Analogously
it is assigned to F'-centre luminescence. It is also supported by luminescence
decay studies, which revealed the following decay times for this band: 2.4 and
10.9 ns.

The fast component of 3 eV emission arising from the radiative decay of
surface F'-centre and the slow component is due to luminescence of the
F-centre. The 4.1 eV band in Al,O; FR3, emission band peaking at 3.6 eV and
extending to 4 eV in Al,O; EE3 is attributed to F'-centre. This interpretation is
also confirmed by other authors who have also attributed fast luminescence at
3.6 — 3.8 eV to F'-centre in y-AL,O; (see Section 3 and [37, 38, 41])
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Figure 14. Emission and excitation spectra for nanopowders composed mainly of
v-ALOj at 8 K. Time-integrated (TI) — black, FTW — red and STW — green line, dashed
line or symbols. Time window values were for FTW 6t = 2 ns and At =~ 10 ns and for
STW 6t = 100 ns and At = 50 ns. al) Al,O; EE3 — emission spectrum excited with
5.2 eV photons; a2) excitation spectrum for 2.8 eV emission (lines), excitation spectrum
for 3.2 eV emission (dashed line) and excitation spectrum for 4.1 eV emission (circles);
b1) ultra-porous Al,O; FR3 (y-Al,O3) — emission spectrum excited with 6.4 eV photons;
b2) excitation spectrum for 4 eV (circles) and 3 eV (lines) emission.

Conclusion

The transition aluminas studied were produced by different methods and there-
fore in addition to the variation of phase composition, one could also expect the
presence of a variety of defect centres. Based on luminescence studies there are
mainly F-centre emitting near 3 eV, and F'-centres near 3.8 eV present analo-
gously to single crystals. Due to the nano-size of crystallites in the studied
sample the surface F," are introduced as reported by Gorbunov et al. [42] in
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v- and 3-Al,O; mixture. The luminescence of F,'-centres has nanosecond decay
with emission peaked at 3 eV, which overlaps with ms emission of F-centres. It
is also important to note that depending on the excitation energy the emission
spectra of various defect centres overlap with intrinsic and impurity emission
complicating the analysis of relaxation processes in transition alumina.

7.4 Impurity luminescence of alumina powders

Depending on the purity of chemicals used in the synthesis processes impurity
ions in alumina play a role in the formation of optically active luminescence
centres, which can be revealed by means of luminescence spectroscopy in
excitation and emission spectra. The most common impurity ions found in
alumina are the transition metals Cr**, Fe*", Ti’" etc. (see sections 2 and 3).

Cr’* luminescence in AL,O; LV1 and LV2 nanopowders

The level of impurities in studied nanopowders varied due to different purity of
raw materials used in synthesis. The lowest purity of initial starting chemicals
(99.97%) was used for the preparation of the LV1 and LV2 alumina samples. In
all other syntheses, the purity of raw materials was at least 99.99%. This means
that stronger impurity ion effects were expected and revealed in Al,O; LV1 and
LV2 samples (Paper I). The most common impurity in alumina is usually Cr’*
ions, which are responsible for the red colour of rubies. In the red region of
emission spectra, the so-called R-lines of Cr’* jons are well-known. The R-lines
designate the ’E — %A, electronic transition of d° configuration Cr’" ion. In
a-Al,O; these lines are at 694.3 and 692.9 nm [2]. The high-resolution spectra
for ALO; LV1 and LV2 are presented in Figure 15a in the region of 650-900 nm.
In these spectra, two spectral regions can be identified with different spectro-
scopic features. Around 680 to 720 nm there are narrow lines followed by a
broad band extending until 900 nm. These lines are typical for the emission of
impurity ions in oxide hosts. These samples were also studied in Tartu using
X-ray photoelectron spectroscopy (XPS), which according to the setup specifi-
cation can detect impurity metals in a concentration of the order of >0.1 at%,
but no metal impurities were detected. An attempt to detect paramagnetic impu-
rities like Fe'™ ions showed that iron impurity was present in these nano-
powders, which is not surprising because the EPR method is by several orders
of magnitude more sensitive than XPS. In the Al,O; LV1 luminescence
spectrum the four strong lines at 682.7, 686.0, 689.5 and 691.5 nm were
identified (Figure 15a). After the first set of lines, there are two less intensive
lines at 701 and 705 nm. For the Al,O; LV2 nanopowder the structure of the
sharp lines is similar, only relative intensity of spectroscopic features is varying.
There are four strong lines at 682.2, 685.7, 688.7 and 691 nm. At longer
wavelengths, there are lines at 701.2 nm and 704.9 nm (Figure 15a). Previously,
there have been reports for R doublet in 08-Al,05. According to different authors
[21,48,49], these lines are at 682.6 nm and 6859 nm, which positions
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correspond very well to spectral lines revealed in this work. In the studied LV
samples, the R-lines corresponding to a-Al,O; phase are not present. The two
lines at 689 and 691 nm are tentatively assigned to the Cr*" ion at different site
or to its emission in different alumina phase, e.g. 8-Al,Os, which is present in
the LV samples according to XRD analysis. In a-Al,O5 also so-called N-lines
around 701 and 705 nm [80] can be found, which correspond to emission from
neighbouring pairs of Cr’* ions. Both LV nanopowders have also less intensive
bands at these wavelengths, which can be caused by nearby situated Cr’" ions
although in these samples the amount of Cr’* doping is less than 0.1 at%
according to chemical analysis and therefore, the probability of neighbouring
interacting ions should be low. Schawlow et.al [80] has shown that the emission
bands of N-lines are detectable from around 0.2 at% concentration of Cr’".

According to the literature in more disordered 8- and y-Al,O; doped with
Cr’" ions, one can observe an inhomogeneously broadened luminescence band
around 700 nm [48,81]. The origin of broad emission band extending until
900 nm can be due to different impurity ions or centres formed in their parti-
cipation. The EPR study shows that there are Fe'™ ions present in Al,O; LV1
and LV2 nanopowders. Thus, the long-wavelength wing can be explained by
the interaction of octahedrally coordinated Cr’* ions with Fe’" impurities, which
were shown to form an emission band at 770 nm [21]. The second factor
causing the appearance of the broad band can be due to high disorder present in
y- and 8-ALO; [48]. The third possibility is Fe’" ion transition ‘T, — °A,
emission at 750 nm in nano-size alumina [40]. Probably in the studied samples
the broad band is caused by all three circumstances. Different authors have also
shown that increasing concentration of Cr’” ions cause a broad band at 770 nm
and it has been interpreted by the formation of Cr’" clusters [47,82]. High
concentration of Cr’" (around 1 at%) is a prerequisite to realise the creation of
Cr’" clusters, which is not probable in LV samples, where this concentration is
less than 0.1 at%.

Cr** luminescence in combustion synthesised nanopowders

As was already mentioned, the Al,O; EE1-EE4 nanopowders are of better
purity due to high-quality chemicals used. The high-resolution emission spectra
in the region of 690-700 nm are presented in Figure 15b. Nanopowders com-
posed of y-Al,O5 and a-Al,O; mixtures in different ratios (EE3 85/15 and EE4
50/50 %, respectively) have larger linewidths for Cr’* R-lines compared to
alumina single crystals and pure a-phase nanopowder (EE1) due to inhomo-
geneous line broadening. The main causes are crystallite size (being an average
of 100 nm) and phase composition variation. Some influence of defects in
crystallites cannot be excluded as well. Sample Al,O; EE2 has a similar
spectrum to a-Al,Os single crystal, having R-lines and N-lines, which both are
inhomogeneously broadened (Figure 15c). Also, it is possible to distinguish two
lines of low intensity at 682 nm and 685 nm, which correspond to Cr’* in
0-Al,0; (Figure 15¢). This result shows a great advantage of the luminescence
method, much higher sensitivity over XRD, which failed in detecting 8-Al,0;
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phase in these samples due to its low concentration and because of overlap of
diffraction lines with other alumina phases. A detected smaller shift of the
R-lines for the sample Al,O; EE3 is possibly due to a small amount of a-Al,O;
and smaller crystallite size.
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Figure 15. High-resolution emission spectra of Cr’" ions at 8K. a) Samples ALO; LV1
(blue) and AL,O; LV2 (green) excited with 8.3 eV photons; b) Samples Al,O; EEl
(green) and Al,O; EE2 (magenta) excited with 11.3 eV photons. Samples Al,O; EE3
(black) and Al,O; EE4 (blue) excited with 5 keV electron beam. ¢) Zoom in to Al,O3
EE2 spectrum to show Cr’" lines corresponding to 0-Al,O5 phase (excited with 11.3 eV
photons).

Excitation spectra for Cr’" luminescence

Excitation spectra for Cr’" emission recorded at the R-line region are presented
in Figure 16. The Al,O; EE1 nanopowder has a strong excitation band with a
maximum at 7 eV, which is interpreted as the O* — Cr’" charge transfer (CT)
band [25]. In the samples Al,O; EE2 this CT band undergoes a red shift to
6.9 eV and in the Al,O; EE4 to 6.7 eV. For sample Al,O; EE3 it was not
possible to record excitation spectrum for Cr’* centre emission due to very low
luminescence intensity as it is mainly composed of y-Al,O;. It shows that highly
disordered structure and small crystallite size enhance non-radiative decay of
electronic excitations. It is important to note that all combustion synthesised
alumina with a considerable content of a-phase (varying from 100 to 40 %)
have a well-defined host absorption onset at 8.9 eV. Therefore, the CT band is
related to Cr’" ions substituted into the a-phase crystallites. This hypothesis is
supported by negligible luminescence of Cr’* ions in y-Al,Os. Hence, this shift
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is correlated with the crystallite size as value decreases in a row of the Al,O;
EE1, EE2 and EE4 from 180 nm to 80 nm, respectively. Comparing excitation
spectra luminescence of Cr*" ions in ALO; LV1 and ALO; LV2 nanopowders
one can see that there is nearly no excitation band at 7 eV, but a well pro-
nounced onset of intrinsic absorption at 7.5 eV for 6-Al,O; in agreement with
results described in section 7.1. It is not surprising because the CT band is
characteristic of chromium ions in a-phase.

Intensity (arb. units)

Energy (eV)

Figure 16. Excitation spectra for Cr’" emission at 1.8 eV (690 nm) at 8K. Black — ALO;
EEl; red — ALL,O; EE2; green — Al,O; EE4; blue — Al,O; LV1 and magenta — Al,O; LV2.

Conclusion

In conclusion, the manifestation of transition metal (Cr’" and Fe’") impurity
ions was investigated in different aluminas. In 6-Al,O; the R-lines are shifted to
shorter wavelengths due to changes in bond lengths resulting in stronger crystal
field because of the crystal structure, which is different in comparison with
0-Al,Os. The extra lines after the two strong R-lines can be caused by Cr’
occupying different sites in AlO, and AlQOg structural units in these samples.
Possibility to detect much smaller amounts of additional phases than by XRD in
our samples using luminescence methods was demonstrated on the basis of
0-AL0;.
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8. DIAGNOSTICS OF ODS STEELS FOR
HEAVY IRRADIATION ENVIRONMENT

Oxide dispersion-strengthened (ODS) steels are important construction mate-
rials used in harsh radiation environments at high temperatures like fission and
fusion reactors in order to increase the thermal efficiency and safety margins
[83]. The ODS steels are strengthened by the addition of nano-sized oxide
crystallites, which are dispersed into the steel during the manufacturing process.
The manufacturing process is well described in [84]. The inclusion of nano-
particles causes in such steels a complex microstructure (grain boundaries of
oxide nanoparticles), which are expected to provide high temperature durability
and promote recombination of point defects formed under irradiation and to trap
transmutation products (He, H). These features appear to be very promising in
increasing the radiation resistance of the structural materials for nuclear appli-
cations [85]. Recombination of defects formed in ODS steels during operation
takes place presumably on the numerous internal interfaces originating from the
presence of oxide (Y,0;, AlLO;, Y,Ti,0; etc) nanoparticles, but the atomistic
mechanisms leading to this enhanced tolerance is still not well understood [86].
There is practically no information available regarding luminescence studies of
ODS steels in literature, but luminescence methods due to its high sensitivity
should offer an excellent tool to understand the role of these oxide nanocrystals
and to investigate elementary processes of material damage on grain boun-
daries. The experiments planned were designed to show a potential of time-
resolved luminescence spectroscopy in diagnostics of ODS steels.

The studied steel was called PM2000 and was produced by the PLANSEE
GROUP and provided to our disposal by CIEMAT (Spain). PM2000 is a ferritic
alloy, which contains mainly iron as well as aluminium, chromium, titanium
and yttria additives (Table 8). The steel samples were cut into thin metal plates
and cleaned using sandpaper and ultrasound bath in order to reduce contami-
nation and influence of rough mechanical treatment.

Table 8. Chemical composition of PM2000 (wt%) [84]

Cr Ti Y,0;, Al Fe
20 0.5 0.5 5.5 Bal

The PM2000 steel sample was investigated using cathodoluminescence method
in Tartu and applying low-temperature time-resolved luminescence spectro-
scopy at the beamlines I and BW3 under synchrotron radiation excitation in
Hamburg. Results obtained are presented in Figures 17-19. In Figure 17 the
emission spectrum under VUV excitation at 11.3 eV, which corresponds to the
excitation of host absorption of all possible oxides (incl. Al,O;) in steels is
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presented (red line). Revealed luminescence covers whole UV-visible range
consisting of two broad bands peaked at 2.6 eV and 4.8 eV. As a comparison,
the emission spectrum of pure Y,0; powder is presented in Figure 17. One can
observe that Y,0; emission covers only part of the revealed luminescence in
PM2000. It is important to note that yttria was the only oxide initially present in
PM2000 steel. It means that other metal oxides are formed during the
production process of the steel. The luminescence intensities were extremely
low because of low concentration of oxide inclusions and a small penetration
depths of VUV photons.
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Figure 17. The emission spectrum of ODS steel at 7 K excited by 11.3 eV photons.
PM2000 — red. Y,0; (green) emission spectrum excited by 6.1 eV photons.

XUV photons are more suitable for these studies due to their larger penetration
depth as the absorption coefficients are definitely below 10° cm™ at intrinsic
absorption edge of wide gap solids [61]. From the emission spectrum excited by
XUV photons (Figure 18) two broad bands peaked at 7.6 eV and 4.6 eV were
identified. The VUV emission band is STE emission of a-Al,O; and the emis-
sion at 4.6 eV is similar to previously discussed radiative decay of triplet STE
found in nano-size transition aluminas. The emission at 7.6 eV has a decay time
of about 4 ns, which is similar to nano aluminas, but shorter than for single
crystal (7 ns [28]) pointing to its small grain size. The decay curve is not
exponential (Figure 18), which means a strong contribution from non-radiative
channels e.g. decay of STEs at the grain boundaries of ODS steels.
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Figure 18. a) Emission spectrum of the PM2000 steel; b) Luminescence decay for
7.6 eV emission. Recorded at 8 K under excitation by 130 eV photons.

On the setups at the beamlines | and BW3 at DESY it is possible to record the
decay times in nanosecond range, the 120 keV pulsed electron beam setup in
Tartu was applied to study the slow decaying luminescence at 4.6 eV (Fi-
gure 19). Using deconvolution and fitting procedures the main decay com-
ponent was found to be 1.4 us and it is in agreement with earlier works on nano-
size alumina [79]. This is similar emission like in samples in section 7.3 and
this also points to triplet nature of the luminescence centre.
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Figure 19. a) The emission spectrum of the PM2000 steel, excited by 120 keV pulsed
electron-beam (black line) recorded at 78 K. Emission spectrum of alumina nanopowder
containing different phases (Al,O; EE2) recorded at 4 K (red line). b) Decay for 4.6 eV
emission. Recorded at 78 K using excitation by pulsed 120 keV electron-beam.

In conclusion, the present work shows that using luminescence spectroscopy is
applicable in diagnostics of ODS steels, aluminium and other oxides (incl.
defects), which are formed in ODS steels during their production or radiation da-
mage in harsh operation conditions. The intrinsic STE emission of Al,O; has a
shorter lifetime than in bulk single crystals due to non-radiative relaxation pro-
cesses caused by OSD steel micro(nano)structure. The emission at 4.6 eV has
characteristics similar to transition alumina i.e. the presence of other phases is not
excluded.
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9. SUMMARY

In this thesis, electronic and optical properties of nano-size a-Al,O; and transi-
tion alumina phases (y-, 6-, and 6-Al,0;) were studied using time-resolved
luminescence spectroscopy at low temperatures under electron beam and
synchrotron radiation excitation. A special attention was paid to the phase and
crystallite size specific features in luminescence of alumina samples prepared
with different synthesis methods. Synthesised samples were characterised using

XRD, SEM and other methods to get information on crystallite size, phase com-

position and morphology of samples under investigation.
The main results from the work are following:

e Synthesis of samples was performed using combustion synthesis method,
which allowed to obtain samples which have nano-size structure but are a
mixture of different alumina phases. Other studied samples were obtained
from colleagues in France and Latvia.

e The onset of intrinsic absorption energies for a mixture of 6- and 6-Al,0; at
7.5 eV and y-Al,O; at 7 eV were determined. To our knowledge, these were
the first measurements of y-Al,O3 band gap value by luminescence methods.

e A revealed blue shift of the onset of intrinsic absorption for nanopowders in
comparison with a single crystal of a-Al,Os is attributed to residual stresses
introduced during synthesis of nanocrystals.

e The introduction of AlOy structural units influences electronic structure of
transition aluminas as well as formation of STE.

e Emission of triplet self-trapped excitons at 4.6 eV with slow 750-780 us
decay was found in nano-aluminas.

e Using the characteristic luminescence of Cr’” impurity in different phases of
Al,O; demonstrated the possibility to distinguish 6-Al,O; phase in alumina
samples with considerably higher sensitivity than with XRD. A determined
red shift of charge transfer (O-Cr) band position to lower energies correlates
with the decrease of crystallite size of 0-Al,O;.

e As main defects F, F" and F, -centre were identified and considerable simi-
larities in their luminescence were demonstrated in all investigated nano-
powders of different alumina phases.

e Luminescence spectroscopy under XUV and pulsed electron beam excitation
has a strong potential in characterisation of oxide dispersion-strengthened
(ODS) steels — to identify presence of optically active impurities, their phase
composition, defects, and relaxation dynamics.

49



10. SUMMARY IN ESTONIAN

Nanokristalse alumiiniumoksiidi a- ja Uleminekufaaside
uurimine VUV ja katoodluminestsentsi meetoditel

Kéesolevas t60s uuriti a-Al,Os ja alumiiniumoksiidi iileminekufaaside (y-, o-, ja

0-Al1,03) nanokristallide elektroonseid ja optilisi omadusi kasutades aeglahutu-

sega luminestsents-spektroskoopiat madalatel temperatuuridel. Eksperimendid

viidi 14bi kasutades elektronkiirt voi siinkrotronkiirgust ergastusallikatena. Eri-

list tdhelepanu pdorati faasikoostise ja kristalliidi suurusest tingitud nanopulbri-

te luminestsentsi isedrasustele alumiiniumoksiides, mis on siinteesitud erineva-
tel meetoditel. Siinteesitud objektide kristalliidi suuruse, faasikoostise ja morfo-
loogia kirjeldamiseks kasutati rontgendifraktsioonanaliiiisi (XRD), skaneerivat
elektronmikroskoopiat (SEM) ja teisi meetodeid.

Antud doktorit6o pohilised tulemused on jirgnevad:

e Teostati objektide siintees kasutades kiiret pdlemisreaktsiooni, mille kéigus
saadi objektid, mis olid nanokristalsed, aga sisaldasid mitut erinevat alumii-
niumoksiidi faasist. Teised uuritud objektid valmistati Létis ja Prantsusmaal
meie koostddpartnerite poolt.

e Mairati omaneeldumise algus 8- ja 0-AL,O; segu jaoks 7.5 eV juures ja
v-AlLO; jaoks 7 eV juures. Meie teada on see esmakordne eksperimentaalne
omaneeldumise alguse médramine y-Al,O; korral, kasutades luminestsents-
spektroskoopiat.

e Analiilisiti omaneeldumise alguse sininihet nanopulbrites vdrreldes mono-
kristalliga. Nihke pohjustasid oletatavasti siinteesi kéigus tekkinud pinged
materjalis.

e AlO, struktuurielemendi lisandumine tileminekufaaside kristallstruktuuri
mojutab nende elektronstruktuuri ja iseloksustunud eksitoni formeerumist.

e Nanokristalses alumiiniumoksiidis leiti 4.6 eV juures aeglase 750—780 us
kustumisajaga tripletse iseloksustunud eksitoni kiirgus.

e Kasutades Cr’* lisanditsentri karakteristlikku kiirgust, niidati vdimalust
0-Al,O; faasi tuvastamiseks XRD analiiiisist oluliselt suurema tundlikku-
sega. Samuti leiti (O-Cr) laenguiilekandega seotud riba punanihe madalama-
tele energiatele, mis korreleerus a-Al,Oj; kristalliidi suuruse vihenemisega.

e Niidati, et peamised defekti tsentrid on F, F' ja F,-tsentrid ja nende lumi-
nestsents on uuritud erineva faasi koostisega nanopulbrites sarnane.

e Demonstreeriti ka luminestsents-spektroskoopia voimekust XUV ja elektron-
kiirega ergastusel rakenduslikult oluliste oksiid-dispersiooniga tugevdatud
teraste koostise analiiiisil.
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