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Abstract

We describe the triboluminescence response of undoped (BaAl>Si2Os, ~—-BAS) and Eu-doped
(h—BAS:Eu) barium hexacelsian powders, and show that the triboluminescence behavior is
dependent on the formation of barium vacancies. X-ray photoelectron spectroscopy of the
h-BAS:Eu powders confirms the presence of Eu** and Eu?* in the compound, leading to the
formation of significant vacancy point defects in excess of those found in #—BAS as a result of
the charge imbalance caused by the substitution of Eu* in Ba?" sites. From electron
paramagnetic resonance measurements and density functional theory (DFT) calculations, we
demonstrate that the vacancy defects correspond to singly ionized barium vacancies. DFT
calculated thermodynamic transitions and electronic structure calculations reveal deep energy
levels within the compound’s energy band gap, with a strong emission at 3.33 eV correlated to
an electron exchange between the conduction band minimum and a barium vacancy center.
Time-resolved triboluminescence spectra show that the increased concentration of barium
vacancies in ~—BAS:Eu enhances the signal by about 75% compared to the signal from #-BAS.
These results play an important role in the understanding of fundamental mechanisms behind the
triboluminescence response of ceramic materials, as well as the role of different types of defects
in this process.



1. Introduction

Triboluminescence is a specific type of luminescence that is produced during the
propagation of a crack within a solid.!* As a crack propagates through the material, visible light
emission is produced at the crack tip, a phenomenon which has been investigated in several types
of materials for use as stress indicators for smart sensors of structural damage,*° the visualization
of stress distributions,®’ and nondestructive testing.® Accordingly, there are two main subtypes
of triboluminescence, namely deformation triboluminescence and electrically-, thermally- and
chemically-induced triboluminescence. The phenomenon has been observed in alkali halide
crystals, II-VI compounds, alkaline earth oxides, and metals.’!> Unfortunately, the emission
intensities of these materials have proven to be low for use in practical applications.

The mechanisms of triboluminescence are still not well understood, but several models

1314 including vacancy point defects as the origin

have been proposed and described in literature,
of such signals. For example, Nakayama'> reported the generation of a broad triboluminescence
signal from 400 to 700 nm for single crystal MgO, assigning its origin to F centers (oxygen
vacancies containing two trapped electrons) and F* centers (oxygen vacancies containing one
trapped electron). Miura et al.'® reported a triboluminescence emission centered at about 750 nm

for single crystal MgO from oxygen vacancies, and a signal at 520 nm for diamond, assigning it

to nitrogen trapped at vacancy defects. More recently, Wang et al.!” reported two

triboluminescence signals centered at 420 and 475 nm for ZnS crystals, attributing them to F;

centers (sulfur vacancies containing one trapped electron) and acceptor-type zinc vacancies,
respectively. We recently reported the mechanoluminescence response of MgO powders, '8
showing a pronounced signal because of the presence of two types of oxygen vacancies, namely

F and M centers.



Several researchers have found a triboluminescence response from barium hexacelsian,
(BaAl;Si,0s, ~—BAS), doped with small amounts of rare-earth ions (~—BAS:RE), including

1920 and dysprosium,?! where the color of the emission

samarium, ytterbium, cerium, europium,
can be adjusted by changing the type of rare-earth ion dopant, allowing control over the signal
type such that emissions ranging anywhere from the red to the blue region of the electromagnetic
spectrum can be achieved. Thus, the presence of the dopant presumably has an effect by
modifying the wavelength of the triboluminescence signal. However, none of these studies
undertook an analysis of the triboluminescence response of an undoped BAS specimen. In
addition, in some cases there was a shift in signal between the photoluminescence and
triboluminescence spectra,'® which was later shown to be an artifact of testing methodology.?
For the case of ~~BAS:Eu, the photoluminescence spectrum has been shown to exhibit a bright
emission line at 3.33 eV (371 nm) and a weak and very broad emission centered around 2.55 eV
(485 nm).*?>23 The triboluminescence spectrum for this material has the same emission located
at around 3.30 eV (375 nm), while the broad band is centered around 2.58 eV (480 nm).?° These
signals have been attributed to the Eu?* electronic transitions from the 4/°5d ground state levels,
caused by the application of mechanical energy and subsequent emission upon electron
relaxation.??

In this study, we describe the luminescence response of ~—BAS and #~—BAS:Eu using a
combination of experimental characterization techniques and density functional theory
calculations. Photoluminescence and cathodoluminescence in both ~—~BAS and 4~—BAS:Eu reveal
a 3.33 eV (372 nm) emission. Computational calculations attribute this luminescence to stable
defect centers leading to impurity levels, other than those of europium, within the BaAl>Si,0s

energy band gap. X-ray photoelectron spectroscopy reveals a significant presence of Eu** and



electron paramagnetic resonance the presence of barium vacancies. Combining electron

paramagnetic resonance with computed transition energies, we confirm the presence of singly-

ionized barium vacancies of negative charge (v}, ) as the luminescence center of the observed

3.33 eV emission in both #-BAS and #/-BAS:Eu. Increased triboluminescence intensity in
h—BAS:Eu compared to the undoped #—BAS is caused by the higher concentration of the barium

vacancy luminescence centers.

2. Experimental and Computational Procedures

A. Experimental Procedures

BaAl>Si,Og powders were synthesized by solution combustion synthesis (SCS)** using
nitrates of barium and aluminum as oxidizers, amorphous fumed silica as a source of silicon, and
carbohydrazide as organic fuel.>>! The reagents used were barium nitrate [Ba(NO3)2, 99+%,
Alfa Aesar, Ward Hill, MA], aluminum nitrate hydrate [A1(NO3)3*9H,0, 98-102%, Alfa Aesar,
Ward Hill, MA], amorphous fumed silica [SiO2, S.A. 350-420 m?/g, 325 mesh powder, Alfa
Aesar, Ward Hill, MA], and carbohydrazide [CO(NHNHz)> 97%, Alfa Aesar, Ward Hill, MA]. A
mixture of 3.30 g of Ba(NO3)2, 9.97 g of AI(NO3)3°9H>0, 1.60 g of Si0,, and 10.78 g of
CO(NHNH_)> were dissolved in 100 mL of deionized water. The solution was stirred for 30
minutes. Next, the solution was placed in a muffle furnace at 773 K. After water evaporation, the
mixture combusted and the resulting powders were gathered for thermal treatment at 1473 K for
2 hours. These powders will be referred to as ~—BAS. In addition, a europium-doped #—-BAS:Eu
powder was obtained by additionally adding 0.30 g of Eu(NO3)3*6H>0 [Alfa Aesar, Ward Hill,

MA] to the precursor mixture and following the methodology described above.



The morphology of the powders was analyzed by scanning electron microscopy (FEI-
XL30, FEI Company, Hillsboro, OR) using 10 kV accelerating voltage. For imaging, all samples
were mounted on aluminum sample holders and sputter-coated with iridium. Phase and
crystallite size of the powders were characterized by X-ray diffraction on a D2 Phaser (Bruker
AXS, Madison, WI) using a step size of 0.02 degrees 20 and a count time of 1 s, scanning from
15 to 85 degrees 20. Crystallite sizes of the powders were calculated using TOPAS 4.2 software
(DIFFRAC Topas, Bruker AXS, Madison, WI) by means of Rietveld refinement. Particle sizes
for all the powders were analyzed by dynamic light scattering®*” a Nanotrac ULTRA (Microtrac
Inc., York, PA, USA) system by dispersing approximately 25 mg of powders in 25 mL of
ethanol, stirring for 15 minutes, and ultrasonicating for 15 minutes. X-ray photoelectron
spectroscopy measurements were obtained on a SPECS (Berlin, Germany) system equipped with
a PHOIBOS 150 WAL analyzer with DDL-2 detector, and a FOCUS 500/600 ellipsoidal
monochromatic X-ray source with a dual anode of Al and Ag. High-resolution spectra were
obtained using 300 scans during the measurement with windows of 0.1 eV sensitivity. To
estimate the areal intensity of Eu** and Eu?" components, we deconvoluted final spectra into
Gaussian peaks using a Shirley background with the aid of CasaXPS processing software.

The photoluminescence excitation and emission spectra were obtained on a Hitachi F-
4500 (Tokyo, Japan) fluorescence spectrophotometer equipped with a Xe lamp (150 W) as
excitation source. The emission spectra were acquired by exciting the sample using a 305 nm
excitation wavelength. Cathodoluminescence measurements were performed on a scanning
electron microscope using a Gatan MonoCL4 system at 300 K in the UV-visible spectral
range.*®3? Cathodoluminescence time-resolved curves were obtained by measuring changes in

the monochromatic cathodoluminescence intensity as a function of the time during electron beam



irradiation of samples, obtained by operating the scanning electron microscope at 15 keV with a
beam current of 1 nA. An approximate surface area of 3060 um? was irradiated resulting in a
beam current density of 3.2 x 10713 A/um?. Triboluminescence spectra were obtained using a
drop tower testing methodology. The instrument built for this purpose consisted of a polyvinyl
chloride (PVC) pipe of 1.5 cm inner diameter, drilled on the upper side with a hold for a pin that
supported a 1.27 cm diameter steel ball (13.8 g). Upon removal of the pin, the steel ball dropped
from a height of 0.905 m and impacted the sample placed on a steel plate at the bottom of the
PVC pipe. The resulting luminescence signal was recorded by using a fused silica optical fiber
attached to a Hamamatsu R928 photomultiplier tube. The detected panchromatic signal was
amplified with a Keithley 2400 current amplifier converting the current signal to a voltage signal
and finally capturing with a Hantek DSO5102P oscilloscope. Ten spectra were independently
recorded for each sample and averaged. The paramagnetic species present in the powders were
identified using the electron paramagnetic resonance technique using a JEOL JES-TE300 system
(Tokyo, Japan), acquiring spectra with an absorption frequency of 9.4 GHz at ambient (298 K)
temperature, and a microwave power of 10 mW. The resulting spectra were simulated and fitted
using the EasySpin open-source MATLAB software package.*’

B. Computational Procedures

All DFT calculations were performed using the Vienna ab initio simulation package
(VASP) within the projected-augmented wave method.*!*? Structural optimization of ~-BAS
was computed using the general gradient approximation Perdew-Burke-Ernzerhof (PBE)
functional, with a plane wave energy cutoff of 520 eV. The Brillouin zone was integrated using a

k-point grid density of at least 100 A, Forcaleulations-onEu> -activated-#+—BAS-(A-BAS:Euv*");




In general, the formation energy (ET) of a defect X of charge ¢ is a function of the electron

Fermi energy (Er) and the atomic chemical potential (i) and is expressed as follows:
Ef [X‘I] =Ey, [Xq]_Etot [pristine]— 2 +qER +qAV (1)
i

where, Ei[X7] is the total energy of the supercell lattice with defect X of charge ¢, Ewi[pristine]
is the total energy of the pristine system, n; indicates the number of species i being removed (n; <
0) or added (n; > 0) from the supercell, and AV is the potential alignment correction term
accounting for the spurious electrostatic interactions between charged supercells and for the
finite k-point sampling at the I zone center. To correct the artificially repeated charge between
supercells in the total energy and in the one-electron eigenvalues and eigenstates, we utilized the
self-consistent potential correction method for charge periodic systems where a corrective
potential AV is included in the Kohn-Sham equations.** The atomic chemical potential can be
further decomposed as W; = E; + Ap,, where Ap; is the restricted chemical potential range

referenced to the elemental solid or gas with energy E;. Equation (1) can therefore be rearranged

as follows:
Ef[Xq]=Eé[Xq]—2niAu[ +qE, +gAV )
Ey|X?]= B[ X?]- B,y [pristine] - SnE, 3)



The constrained range of A, is typically set such that the formation of all single elements is
circumvented, the decomposed products in equilibrium with the defect phase are not allowed to

form, and the thermodynamic stability of the pristine structure is maintained.**

3. Results and Discussions

Figure 1 illustrates the X-ray diffraction (XRD) pattern of the ~—BAS (Figure 1a) and
h—BAS:Eu (Figure 1b) powders corresponding to the hexacelsian phase of BaAl,Si,Og (PDF#
01-072-7502). A small impurity of BaAl,O4 (PDF# 00-017-0306) was identified in both patterns.
Similar results were previously reported for hexacelsian powders produced by combustion
synthesis.?? All indexed peaks in 7~BAS:Eu correspond to those of the undoped #—BAS phase,
confirming that no secondary phases of europium oxide were formed during powder synthesis.
The crystallite sizes from XRD are 138 + 2 nm and 105 +1 nm and the particle sizes from
dynamic light scattering are 408 + 47 nm and 491 + 146 nm for the ~—-BAS and #/-BAS:Eu
powders, respectively. Thus, no significant differences between the crystallite and particle sizes
of the undoped and doped powders were identified. Specifically, the particle sizes were found to
be between roughly 300 and 600 nm, which is in agreement with Sinha ef al.?> who reported an
average i—BAS:Eu particle size of 420 nm. Scanning electron microscopy reveals a porous
powder morphology (Figure 2) typical of combustion-synthesized powders.*

The photoluminescence emission spectra of both ~—-BAS and #-BAS:Eu (Figure 3a-b)
show a strong emission centered at 3.33 eV (372 nm). The excitation spectrum of the ~—-BAS
powder (Figure 3a), obtained by measuring the intensity of the 3.33 eV emission, exhibits a
dominant band centered at 4.05 eV (306 nm) and a shoulder at 3.83 eV (324 nm), as well as a

weak band at about 4.76 eV (260 nm). The excitation spectrum of the ~—BAS:Eu powder (Figure



3b) exhibits the same absorption bands, although there is an evident increase in the relative
intensity of the 3.83 eV emission compared to the 4.05 eV emission. Thus, both compounds are
intrinsically similar in their photoluminescence behavior, meaning that the response is a
consequence of an intrinsic defect present in both materials, and not connected to the presence of
europium dopant.

X-ray photoelectron spectroscopy in Figure 4 reveals the presence of 0.27 at.% Eu’*
(1135 eV) and 0.03 at.% Eu?" (1124 eV) in our ~~BAS:Eu powder, a ratio of 9:1 of Eu** with
respect to Eu?*. Because of the charge imbalance caused by substitution of Eu*" into the Ba?*
sites of the /—BAS lattice, the formation of interstitial oxygen defects and/or the formation of
barium vacancies is necessary for charge compensation. The theoretical defect reaction
describing the formation of barium vacancies can be represented by:

3 Bar 12" 2 [Bu] 4y @)

Ba Ba Ba

where x, ¢, and ’ refer to neutral, positive, and negatively charged point defects, and v refers to a
vacancy site. From density functional theory (DFT) calculations, we find that the formation of
barium vacancies has the lowest Ef of 4.77 eV/defect (the lower bound of the chemical potential
is ZniAp; = 1.19 eV), while the formation of interstitial oxygen has a significantly higher £ of
5.90 eV/defect (Zn:Ap; = 0.65 V). It is therefore likely that the stabilization of Eu** in the
h—BAS lattice is accompanied by the formation of barium vacancies.

Experimentally, the electron paramagnetic resonance (EPR) technique was employed to
identify the presence of paramagnetic radicals associated with barium vacancies and Eu?* ions,
since the presence of charged point defects could potentially lead to charge-state thermodynamic

transition levels and consequently optical transitions within both ~—-BAS and 4—BAS:Eu. Figure



S5a illustrates the experimental EPR spectrum obtained for the ~—BAS powder and Figure 5b the
corresponding simulated curve using a g value of 1.974. This gyromagnetic value matches well
with a previously reported g value of single ionized barium vacancies ( v}, ) in BaTiOs

46-48

ceramics***® and in BaSnO3 nanostructures.* Furthermore, Kutty et al.>® reported an EPR signal

with a g value of 1.997 attributed to v, defects present in the orthorhombic and rhombohedral
phases of BaTiOs3, observing that the value remains unchanged with variations in the spatial
distribution of the electric field present in these two different crystalline lattices. Accordingly,

our measured g value confirms the presence of v/, ~defects in ~~BAS. Furthermore, Figure 5¢

shows the experimental and simulated EPR spectra for the ~—BAS:Eu powder. The components

of the simulated EPR spectra corresponding to the v, signal (g =1.974), and the EPR

multiplets generated by the interaction between the seven unpaired electrons in the 4f orbitals of
Eu?*, were calculated with an axial zero-field splitting (ZFS) parameter D of 990 MHz using the
EasySpin MATLAB toolbox. The Eu?* ion has a 4/ electronic configuration and therefore an S =
7/2 ground state (orbital angular momentum, L = 0), whereas Eu*" ions have a non-magnetic "Fo
single ground state with an S = 0 because the spins of the six unpaired electrons are paired in
opposite directions, thus not contributing to the EPR signal. For EPR multiplets, we assumed an
origin to the spin-orbit coupling between the Eu?" unpaired electrons and the splitting by crystal
field effects along the different axial directions in the BAS crystal, both evaluated by the axial

ZFS parameter D. Some authors have reported Eu** EPR multiplets in BAS powders.>!->2

However, there are no specific reports on ZFS calculations to identify the presence of the v,

EPR signal. Additionally, Figure 5 shows that the intensity of the v/, signal in ~~-BAS:Eu

10



exhibits higher intensity compared to the signal from 4/—-BAS, revealing an increase in the
density of v}, defects.

The cathodoluminescence technique was also used to identify the optically active centers
in the ~—BAS and #—BAS:Eu powders. In this technique, the electron beam excitation may
produce significantly greater carrier generation rates compared to typical optical excitations from
photoluminescence. In general, this leads to emissions from all the luminescence transitions
present in the material.*-* Figure 6a illustrates the cathodoluminescence spectrum obtained from
the undoped #~—BAS powder, revealing a peak centered at 2.06 eV (602 nm) and a broad peak
centered at about 3.82 eV (325 nm) with shoulders at 2.90 eV (428 nm) and 3.33 ¢V (372 nm).
Figure 6a also shows a deconvolution of the spectrum to obtain the individual transitions,
calculated using Gaussian curves with a FWHM of 0.5 eV and centered at 2.06 eV (602 nm),
2.85¢eV (435 nm), 3.33 ¢V (372 nm), 3.80 eV (326 nm), and 4.21 eV (295 nm). We fixed the
FWHM to a value of 0.5 eV for each component because this parameter represents the
inhomogeneous broadening of the linewidths generated by crystallinity disorder associated with
vacancies and other point defects in the samples.> The coefficient of determination R? for such
deconvolution was 0.9870. The component centered at 3.33 eV likely corresponds to the
photoluminescence emission shown in Figure 3. Thus, it is seen that both photoluminescence and
cathodoluminescence measurements display the presence of the 3.33 eV emission.

Furthermore, the cathodoluminescence spectrum of the ~—BAS:Eu powder reveals a very
significant emission enhancement at 3.33 eV (Figure 6b), which can be attributed to the
increased concentration of barium vacancies. Additionally, this spectrum also reveals two weak
signals at ~2.0 eV (620 nm) and ~2.1 eV (590 nm) (see inset in Figure 6b), corresponding to the

transitions *Do—'F, and *Do—F, respectively, for the Eu*" ions?® that were detected as the

11



majority europium ions in X-ray photoelectron spectroscopy (see Figure 4). Thus, Eu** is not
only the supplier of traps, from the charge imbalance caused by the substitution of Eu** into Ba?*
sites, but also a minor luminescence activator. Based on the significant difference in peak
intensities between the signal at 3.33 eV and the Eu®" signal at ~2.0 eV, it is clear that the
luminescence in this material is controlled by the presence of vacancies. Thus, the Eu’* is
important as a producer of traps, and not as the source of luminescence emission by itself. The
absence of several peaks (2.06, 2.85, 3.82, and 4.24 eV) in the cathodoluminescence spectra of
the ~—-BAS:Eu powder is due to the higher concentrations of barium vacancies that produce a
very strong emission at 3.33 eV and that result in the other signals appearing as noise and buried
within the spectrum at very low intensities (Figure 6b).

To understand the effect of barium and oxygen vacancies in the luminescence process,
we used self-consistent DFT calculations to investigate the stability of charged point defect states
(X?) in h—BAS. Figure 7a describes the response of E' [X9] with respect to the Fermi energy (Er).
Between the top of the valence band (at a Fermi energy of 0 eV) and the bottom of the
conduction band (at a Fermi energy of 4.92 eV), we find three deep energy states. One is
associated with oxygen vacancies (blue line) at 0.85 eV. The other two are associated with
barium vacancies (red line) at 0.88 and 2.34 eV. Here, the energy required to remove or add
electrons from the valence and conduction bands is much larger than the thermal energy kg7. We

computed the thermodynamic transition energies, €(q/q’), as follows:

Ef| X% By =0]-E'[ X} E, 0]

e(a/q")= (5)

q'-q
where E' [X L E= 0] is the formation energy of a defect X of charge ¢ when EF is defined at the

valence band maximum (VBM), as shown in Figure 7b. Barium vacancies present three different

12



charged states within the band gap, -2, -1, and 0 (see Figure 7a), leading to two charge transition
levels, namely €(0/-1) and g(-1/-2). For oxygen vacancy defects, a single transition level of g(1/0)
is located above the VBM, while the €(2/1) level is located 0.83 eV below the VBM. The zero-
phonon line (ZPL) energy, which defines the energy difference between an excited state and a
ground state, is now used to elucidate the origin of the observed optical transitions from

photoluminescence and cathodoluminescence. Upon light excitation, an electron could be lifted
from a neutral oxygen vacancy (v, ), resulting in a positively charged vacancy and a free
electron, described by:

Vo +ho ——> v +¢’ (6)
For the case of a singly ionized (v}, ) barium vacancy, excitation could result in a neutral barium
vacancy and a free electron, described by:

Vi, +ho —— v +¢ (7
This may lead to radiative transitions due to the recombination of a conduction band electron and

a hole in the V;) or V;;a gap states. The computed ZPL energies of equations (6) and (7) are 4.07

eV and 4.04 eV for V(X-) and Vga, respectively (see Figure 7b). Moreover, the Coulomb attraction

in equation (4) is the strongest as it occurs between a negatively charged electron and two
positively charged holes from the neutral barium vacancy. Consequently, the radiative transition
described by equation (7) with ZPL energy of 4.04 eV is assigned to the observed 4.05 eV
absorption peak in Figure 3a-b.

For the 4.05 eV absorption peak (see Figure 3b), the electronic excitation is depicted in

Figure 8a as an electronic transition between the energy level calculated for the v, at the ZPL
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energy and the conduction band. In this transition, the barium vacancies adopt a neutral charge

(v, ) modifying the spatial charge of its neighbor atoms and rearranging them as a lattice

relaxation. Figure 8b shows a schematic configurational coordinate diagram for a v, defect

representing the electronic transition from the conduction band to a vibronic state generated by
the strong Coulombic attraction between a negative electron and a neutral barium vacancy
[equation (7)], which we propose is responsible for the strong 3.33 eV emission seen in Figures 3
and 6. In considering Figure 6a, we see that there are dominant emission peaks at 3.33 and 3.80
eV. The 3.33 eV emission is now clear with respect to its provenance. Regarding the emission at

3.80 eV, we propose that it could originate from the attraction between a negative electron and a
positively charged oxygen vacancy (V;) ), shown in Figure 8a as a 4.07 eV absorption and in

Figure 8b as the subsequent 3.80 eV emission.

Figure 9 illustrates the cathodoluminescence intensity variation of the 3.33 eV emission
with the electron beam exposure time observed for the ~—BAS and 4~—BAS:Eu powders under
irradiation with a voltage of 15 keV and beam current of 1 nA. The curves obtained reveal an
exponential function with values for the coefficient of determination R? of 0.8927 for ~-BAS
and 0.7372 for h~—~BAS:Eu. The saturation intensities for the #~—BAS and #~—-BAS:Eu powders
were 3.22 and 108 kcps, respectively, occurring at times of about 80 and 20 s, thus the undoped
powders exhibit a saturation time that is around four times higher compared to the doped
powders. Knowing that the 3.33 eV emission corresponds to the electronic transition between
barium vacancy states, we propose that electron beam irradiation generates some of these
vacancies, increasing their concentration, ny, up to a thermodynamic limit (i.e., saturation)

described by a thermally activated process that follows the Arrhenius behavior:

14



k.T

n,=n, exp(— Ey ) (8)
B
where n, is the saturation concentration of vacancies, EF is the vacancy formation energy, and ks
is Boltzmann's constant.

To confirm that electron beam irradiation induces the necessary energy in /—-BAS to
produce barium vacancies, we used Monte Carlo simulations to evaluate the energy per atom
absorbed from an electron beam with a current of 1 nA and energy of 15 keV. We simulated the
energy loss of 1 x 10° incident electrons on the surface of a solid with the atomic composition
and density of ~—BAS, using the Casino v2.51 software, selecting a Mott cross-section and Joy
and Luo>® empirical equations to evaluate the energy loss of electrons after stochastically
scattering processes. This simulation revealed that at a depth of ~410 nm from the ~—BAS
surface, the incident electrons contain 50% of their initial energy of 15 keV due to scattering by
the solid, representing the average between electron penetration depth and percent of energy
transferred to the solid. Thus, considering that the irradiated area for the curves shown in Figure
9 was 62.5 um x 62.5 um at a scanning frequency of 0.25 sec™!, the irradiated volume for a depth
of 410 nm corresponds to 400 pm>3ssec™!. Furthermore, from the ~~BAS atomic density of 5.30 x
10° atomseum, calculated from the ~—BAS density of 3.305 gecm™ and molecular weight of
375.45 gemol!, we obtained that the number of irradiated atoms per second at a depth of ~410
nm is 2.12 x 10'? sec’!. Additionally, from the electron beam energy and current of 15 keV and 1
nA, respectively, the total electron energy per second is 1.5 x 103 Jes™! or 9.36 x 10'3 eVes™! (50%
of this energy is 4.68 x 10'3 eVes'! absorbed at 410 nm from the 4~—BAS surface). Finally, we

calculated the absorbed energy per atom by dividing 4.68 x 10!* eVes! by the number of

irradiated atoms per second (2.12 x 10'? sec!), obtaining a value of 22.1 eV, which is
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significantly higher than the formation energy of barium vacancies of around 11 eV (Figure 7a),
confirming our assumption that electron beam irradiation generates barium vacancies in ~—BAS
following a thermal activation mechanism. Table 1 lists the calculated absorbed energies per
atom for different penetration depths of the electron beam, listing energy values higher than 11
eV for depths between 300 and 1000 nm, thus confirming the viability of forming barium
vacancies. Based on these considerations, we propose that the ~—BAS powders exhibit a longer
saturation time to reach the maximum intensity of the 3.33 eV emission because these powders
do not contain significant barium vacancies, as we see in ~—BAS:Eu. The electron beam induces
the formation of the vacancies and the cathodoluminescence intensity reaches a maximum once
the vacancies reach a stable concentration.

Figure 10 illustrates the triboluminescence 3.33 eV signal obtained for the ~—-BAS
(Figure 10a) and ~-BAS:Eu (Figure 10c) powders, revealing maximum intensities of about 80
and 140 V, respectively. This difference demonstrates the enhancement of triboluminescence
response for ~—-BAS:Eu of roughly 75% compared to ~—BAS. We propose that the
triboluminescence signal is generated by barium vacancies acting as luminescence centers, which
are present in the ~~BAS:Eu powder at higher concentrations compared to the #~—-BAS powder.
A fitting for the triboluminescence decay signal for both ~—-BAS (Figure 10c) and /-BAS:Eu

(Figure 10d) describe an exponential decay following:

I, =4 exp{_i} ©)

T

where I1L is the triboluminescence intensity, ¢ is time, and 7 is the decay time. These results
reveal that both ~-BAS and A—BAS:Eu exhibit very similar decay time values of 5 x 10~ and 4 x

107 seconds, respectively, showing that the triboluminescence signal from both samples has the
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same origin, namely the electronic transitions between energy levels generated by the presence
of barium vacancies acting as luminescence centers.

In summary, the nature of the triboluminescence response of ~—BAS and 4~—BAS:Eu
materials was identified. The existence of large concentrations of barium vacancies in
h—BAS:Eu, produced by the incorporation of Eu** ions into the BAS structure, was found to be
responsible for its more pronounced triboluminescence response compared to ~—BAS. An
important correlation between the existence of a 3.33 eV band in the photoluminescence and
cathodoluminescence spectra of ~—~BAS:Eu and barium vacancies was also identified. The origin
of the triboluminescence signal was found to be similar for both #~—BAS and #-BAS:Eu,
attributed to the electronic transitions between energy levels generated by the presence of barium

vacancies acting as luminescence centers.

4. Conclusions

Undoped (A—BAS) and europium-doped (A~—BAS:Eu) BaAl>Si,Og powders were
synthesized by solution combustion synthesis, resulting in particles with diameters between 300
and 600 nm. The incorporation of Eu** and Eu?* ions in the ~~BAS:Eu powders was verified by
X-ray photoelectron spectroscopy, with the dopant not affecting the crystal structure or resulting
in the formation of any secondary phases. Photoluminescence emission spectra for both the
undoped and doped powders demonstrated a strong emission centered at 3.33 eV, while the
photoluminescence excitation spectra revealed two bands centered at 3.83 eV (324 nm) and 4.05
eV (306 nm). Cathodoluminescence characterization also confirmed the presence of a 3.33 eV

emission for both samples, with a considerably higher intensity in the ~—BAS:Eu powder.
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Self-consistent DFT calculations confirmed that the presence of the 3.33 eV band is due
to the existence of barium vacancies. The presence of these vacancies was also verified from
cathodoluminescence spectra, which demonstrated a pronounced difference in the
cathodoluminescence saturation time between the 2-BAS and 4-BAS:Eu powders. Electron

paramagnetic resonance (EPR) measurements confirmed the single negative charge of the

barium vacancies (v}, ). In addition, EPR spectral deconvolution of the /~BAS:Eu spectrum

revealed resonances associated with the presence of Eu** ions in addition to the v/,_ .

Triboluminescence measurements showed an emission signal in both powders, attributed to the

electronic transitions between energy levels generated by the presence of the v acting as

luminescence centers. The response shows an enhancement of 75% in the ~—BAS:Eu compared
to ~—BAS powders. These results play an important role in the understanding of fundamental
mechanisms behind the triboluminescent response of ceramic materials, as well as the role of
different types of defects in this process. These insights show a path for the potential use of these

materials in structural health monitoring applications.
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Figure 1. X-ray diffraction patterns of the (a) ~—BAS and (b) ~—BAS:Eu powders.
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Figure 2. Scanning electron micrographs of
the ~—-BAS:Eu powders.
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Tables

Table 1. Absorbed energy per atom for different penetration depths of the electron beam on

h—BAS calculated by Monte Carlo simulations.

Number of atoms

Depth penetration of
thIZ: elre):ctron beam Percent of eneorgy irradiated per second Absorbed energy per

(nm) transferred (%) (s) atom (eV)
217.5 10 1.13 x 10'2 8.3

287.6 25 1.49 x 10'2 15.7

409.9 50 2.12 x 10'? 22.1

713.8 75 3.70 x 10'2 19.0

1107.5 90 5.73 x 102 14.7
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