Optical Materials 119 (2021) 111304

Contents lists available at ScienceDirect

Optical Materials

FI. SEVIER

journal homepage: www.elsevier.com/locate/optmat

Research Article ' :.)

Check for

Effect of 130 keV pulsed electron irradiation on the efficiency of radiative [
transitions in Eu-doped glass-ceramics CaSiO3

Carlos D. Gonzales-Lorenzo ™%, D.V. Ananchenko °, S.V. Nikiforov ", A.N. Kiryakov b A.
F. Zatsepin ", Jose F.D. Chubaci?, N.F. Cano ¢, Jorge S. Ayala-Arenas ‘, Shigueo Watanabe *

2 Instituto de Fisica, Universidade de Sao Paulo, Rua Do Matao, Travessa R, 187, CEP, 05508-090, Sao Paulo, SP, Brazil

b Ural Federal University, Ulitsa Mira, 21, Ekaterinburg, Russia

¢ Instituto Do Mar, Universidade Federal de Sao Paulo, Rua. Doutor Carvalho de Mendonga, 144, CEP, 11070-100, Santos, SP, Brazil

4 Escuela Profesional de Fisica, Facultad de Ciencias Naturales y Formales, Universidad Nacional de San Agustin (UNSA), Av. Independencia S/N, Arequipa, Peru

ARTICLE INFO ABSTRACT

Keywords:

Glass-ceramics
Pseudowollastonite CaSiO3
Eu®" photoluminescence

Polycrystalline glass-ceramic CaSiOs doped with Eu®* ions was obtained by devitrification. The analysis of the
photoluminescent characteristics of the obtained glass-ceramic is carried out. It was found that as a result of the
devitrification of CaSiOs, two phases are formed, identified as pseudowollastonite (p-CaSiO3) as the dominant
phase together with a small percentage of tridymite (SiO). The UV-Vis optical absorption of Eu>""doped CaSiO3
was performed using a UV-Vis spectrophotometer. The main objective of this work was to study the effect of the
pulsed corpuscular action of electrons accelerated in a field of 130 keV on energy transitions in the Eu®" ion. It is
found that, upon steady-state excitation of the photoluminescent signal in the PLE spectra of unirradiated
samples at wavelengths below 300 nm, two broad excitation peaks are displayed, possibly associated with O —
Eu and O — Si CT transitions. Above 300 nm the characteristic excitation band from “F ground state to 5Hj, 5Dy,
5Gj, 5L6, 5D3, and 5D2 states of the Eu®* ions are shown. It was found that, as a result of exposure to an electron
beam in the photoluminescence spectra of europium, a redistribution of the relative intensities of the Dy — F,
and °Dg — 7F; transitions occurs. The calculation of the asymmetry ratio of these transitions showed values for an
unirradiated sample Ry; = 2.06 and irradiated Rp; = 2.52, which indicates a decrease in the symmetry of the
crystal field around Eu®" ions after irradiation. Several reasons for the decrease in the relative intensity of the
Eu®* luminescence signal after electron irradiation, caused by the effect of electrization of the material, intrinsic
defects of the matrix, and inhomogeneous phase composition, are discussed.

Electron beam irradiation
Optical material

1. Introduction [1-3]. The corpuscular effect on glass ceramics makes it possible to

modify its optical properties [4-7], but the mechanisms of such changes

Luminescent glass-ceramics are being actively investigated due to
their increased functional characteristics in comparison with conven-
tional glasses. The interest in materials of this type is due to their
composite structure, which combines the advantages of both glasses and
crystals. The presence of crystal grains in glass-ceramics provides a so-
lution to several important problems at once: firstly, such material is
mechanically more durable, secondly, it has increased resistance to
high-energy impact, thirdly, ions activators of rare earth (RE) localized
in the crystal structure are limited by phonons with lower energies,
which increases the lifetimes in the excited state and the absorption
cross-section of excitation photons in comparison with glassy media

have not been fully established.

The investigation of radiation effects over several materials has been
the subject of many studies in the past [8-11]. Radiation can induce
and/or create new defects in luminescence materials modifying their
optical absorption and stimulated emission properties [9-11]. Very
often luminescent materials are used whenever high radiation is
involved like in preservation of food by high dose radiation, or in ex-
periments with charged particles accelerated by high electric potential,
or in a reactor in operation. Therefore, it is essential to investigate the
effects of radiation on such materials. Several solid materials have been
investigated such as rare earth doped solids [12-15]. Also, natural
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minerals, particularly silicate minerals [16-19]; have been considered.
Then one finds other compounds as hosts for rare-earths, such as oxides
[10], sulfates [14], borates, and vanadates [9,11,12,20]. When
rare-earth ions are mixed with luminescent materials, these compounds
show interesting properties whose application in luminescence and
display technologies have been the subject of study in physics and
chemistry areas. Among the rare-earth used, Eu, Sm, and Yb have driven
special attention because it exhibits two possible valence states, divalent
as well as trivalent states [19]. For Eu3+, for example, the electron
configuration of Eu®" ions is 4f® which is characterized by the f transi-
tion in the red region of the luminescence spectra [16,21,22]. Particu-
larly, Eu>* doped solid-state materials have been broadly used in color
television, plasma display panels (PDP), cathode ray tube,
high-efficiency fluorescent lamps, waveguides, and light-emitting diode
due to their outstanding photoluminescence (PL) properties [12,13,18,
23].

For this reason, luminescence studies of europium have been
extensively carried out in different host materials produced by different
methods. Pandey et al. ([14]) have produced nanocrystalline
KoCay(SO4)3:Eu prepared by co-precipitation method and their ther-
moluminescence (TL) and photoluminescence (PL) studied. They have
found two overlapping broad peaks around 400 and 450 nm in the
emission spectra which could be due to Eu?* emission. Trinh et al. ([20])
have produced powders of nanocrystalline YVO4:Eu>* by a wet chemical
method where PL results display a strongest red emission peak at the
wavelength around 618 nm. Niraula et al. ([13]) have synthesized Eut
doped CaSiO3 Nano-phosphor of different grain sizes by the micro-
emulsion technique. They have shown that the PL intensity always
increased with decreasing grain sizes of this crystalline powder.
Furthermore, the devitrification method is another known method for
the production of polycrystalline materials [24-26]. The advantage of
this method is due to the relatively easy production of polycrystals
without the need for sophisticated equipment and the greater amount of
material obtained compared to other methods. These features are
important when larger-scale production is required.

On the other hand, luminescence spectra after ionizing radiation of
these Eu®" doped luminescence materials have been studied by several
authors [9,11,14,27]. It has been observed that irradiation with ionizing
radiation of these materials may change the valence state of the dopant
by oxidation-reduction or ionization process and producing or creating
defect centers (such as F-center), recombination center, traps, and ab-
sorption bands in the crystal lattice [28,29]. Pulsed electron beams with
the electron energy of 100-300 keV is one of the types of high-dose
irradiation used in electronic industry and in radiation physics to
know the radiation effect on luminescence materials [30].

Silicate as a host of europium has been considered as one of the best
materials for luminescence centers due to its chemical and thermal
stability [16,21,22]. Calcium silicate, for example, has been broadly
studied in the past years for several authors as an interesting host for
Eu* displaying notable luminescence spectra in the red region [16-18,
22,31].

No work has been reported about the effect of electron radiation on
luminescence properties in Eu doped CaSiO3 phosphor. In this work, we
show our first results about the pulsed electron beam irradiation effect
on the photoluminescence characteristics of the polycrystalline glass-
ceramic CaSiO3 doped with Eu3* ions, produced by the devitrification
method, seeing its possible applications in the electronics industry.

2. Experimental details

Synthetic polycrystalline glass-ceramic Eu doped CaSiOs was pro-
duced by the devitrification method [25,26]. In this work, we used 12.0
g (44.4 wt %) CaO (Anidrol-PA ACS, 99.9%) and 15.0 g (55.6 wt %) of
SiO5 and the starting materials were mixed. After that, an appropriate
quantity of EupOs (Sigma Aldrich/PA ACS, 99.9999%) was used to
obtain an amount of 1000 ppm of Eu as dopant on the CaO-SiO,
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mixture. Finally, the mixture with the dopant is then placed in an oven
heated to 1500 °C to melt the above mixture, for 2 h in an ambient at-
mosphere. The melt is then cooled slowly using a temperature controller
so that the room temperature is reached after about 24 h.

This polycrystalline sample of CaSiO3:Eu was crushed and sieved to
obtain grains smaller than 0.075 mm in diameter to be used in the
structural analysis by X-rays diffraction (XRD) method. XRD data of
powder sample at room temperature were obtained on Rigaku Miniflex
300 diffractometer with Cu K,; (0.15406 nm) radiation between 10° and
60° at a 0.02° (in 20) scanning step and a 1 s step time.

Besides, this powder was placed in a sealed container together with
two milling alumina spheres. Then, the container is left in a mill for 24 h
to homogenize and reduce the particle size of the sample. Later, 100 mg
of the powder obtained after the homogenizing process was used to
produce pellets of about 6 mm in diameter and 1 mm thick. For this
purpose, this powder was subjected to a pressure of 800 kgf/cm? using a
mechanical press. After that, the resulted pellets of 6 mm in diameter
and 1 mm thick were sintered at 900 °C for 3 h.

Some of these pellets of CaSiOs:Eu were irradiated at room temper-
ature to a pulsed electron beam of RADAN accelerator at the Institute of
Physics and Technology of the Ural Federal University (UrFU), with a
pulse duration of 2 ns, mean electron energy 130 + 1 keV, current
density 60 A/cm?, and mean absorbed dose of 1.5 kGy/pulse.

Spectrometer LS-55 from (from UrFU) was used for photo-
luminescence measurements and the result was recorded at room tem-
perature. A 150 W xenon lamp, which works in pulses mode, was used to
excite PL. The light emission was detected by R928 photomultiplier tube
that has a wavelength range from 200 to 900 nm and maximal sensitivity
at about 400 nm. The UV-VIS spectroscopy measurement has been
performed on a Shimadzu-2600 UV-Visible spectrophotometer at the
National Engineering University (UNI), Peru.

3. Results and discussion
3.1. X-ray diffraction studies

The diffractogram of the CaSiO3:Eu synthetic material is shown in

20 30 40 50 60
| | | |
N ——CaSiO :Eu
© 3
) =
oq o S
T o & )
e - = @
—~ < Lo} P
_. © o ©
- ™ o ©
2 T . N

—€(102)
;(110)
5(103)

T
Il 01-074-0874

Intensity (a. u.)

B 01-077-0126

l,l,' 1 L 2 . a 2
30 40 50 60
20 ()

.||1
20

Fig. 1. XRD pattern of CaSiO3:Eu produced in this work, compared with XRD
patterns from PDF-2 files: 01-074-0874 (pseudowollastonite) and 01-077-0126
(tridymite) - X’Pert HighScore program [32].
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Fig. 1. All the diffraction peaks in the spectrum are coincident to the
pseudowollastonite (p-CaSiO3) crystal pattern and tridymite (poly-
morphic of quartz - SiO»).

Both phases are matched with 01-074-0874 and 01-077-0126 PDF-2
files of the X’Pert HighScore Plus software [32] for pseudowollastonite
(B-CaSiO3) and tridymite (polymorphic of quartz - SiO»), respectively.
This software was used for the refinement and to determine the per-
centage of each crystalline phase in the sample. The results have shown
that 91% of the sample is belonging to pseudowollastonite and 9% to
tridymite. In this way, f-CaSiOs type polycrystalline structure dominates
this sample.

Pseudowollastonite phase found in this material is referred to that
found by Yamanaka and Mori ([33]). They have identified the presence
of at least three polytypes structures of p-CaSiOs. These are the
four-layer, six-layer, and disordered stacking polytypes. The structure of
the four-layer polytype is the dominant phase with a triclinic unit cell
and solved in space group C1. The crystal data of this structure were
found to be: Z = 24, a =6.853 (3),b=11.895(5),c = 19.674 (13)A, a =
90.12 (3), f =90.55 (3), y = 90.00 (3)°. Besides, this structure is formed
for four Ca-octahedra layers and ternary rings of three tetrahedra of
Si3Og interposed between the layers. These Ca-octahedra in a layer are
compressed in the c-direction, while tetrahedra of the rings are elon-
gated in the same direction (stacking direction). Fig. 2 shows the
stacking sequence of layers for the four-layer polytype structure with
ternary rings of three tetrahedra in gray, Ca%* ion in purple, and 0%~ ion
in red. The six-layer polytype has been indicated as having a pseudo-
symmetry C2/c and is probably isostructural with SrGeO3. Finally, the
disordered structure was confirmed by diffuse streaks along c* axis with
the presence of many polytypes along c axis [33].

3.2. Photoluminescence and absorption studies

The UV-Vis optical absorption of polycrystalline glass-ceramic
Eu®t"doped CaSiOs was performed using a UV-Vis spectrophotometer.
Fig. 3 shows the optical absorption spectra of the Eu doped CaSiO3
structure. This spectrum shows an intense absorption band between 200

Fig. 2. Stacking sequence of layers of (Si3Og) rings in four-layer pseudo-
wollastonite polytype. After [34].
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Fig. 3. UV-Vis absorption spectra of Polycrystalline glass-ceramic CaSiO3
doped with Eu®" ions (1000 ppm).

to 300 nm which is attributed to the oxygen to silicon (O-Si) ligand to
metal charge-transfer (LMCT) in the SiO?{ group. Whilst the broad-band
between 300 to 500 is attributed to the intra configurational 4f —4f
transitions from the “F, level (excitation spectra) [21,23]. The formation
of the induced broad visible band could be attributed to the formation of
a silicon-oxygen hole center (SiOHC) or nonbridging oxygen hole center
(NBOHC) as suggested by ElBatal et al. ([35]). Beyond the range of the
visible region, no further optical absorption bands are identified.

According to Yamanaka and Mori ([33]), in the four-layer polytype
structure of B-CaSiOs, Ca is coordinated with eight O atoms. Accord-
ingly, ionic radii of Ca" and Eu* are 1.12 nm and 1.066 respectively
[36]. For Eu doped CaSiOz polycrystal, Eut ion substitutes Ca2*
causing the crystal lattice distortion, since that Ca®* and Eu®* have
different ionic radii [23] as can be seen in Fig. 2 (Eue“r ion in yellow).
Besides, there is a charge imbalance in the host lattice, produced by the
doping of trivalent Eu®* ion. Furthermore, Eu®* ions in CaSiO3 host can
occupy interstitial sites, as a consequence, emitted light can be trapped
in these sites decreasing the photoluminescence emission intensity [17,
23]. Nagabhushana et al. ([23]) have shown that the relative intensity of
the emission lines of Eu>* depends on the doping concentration of Eu®*
in the CaSiOg structure.

The excitation and emission spectra of unirradiated and irradiated
CaSiOs:Eu pellets are shown in Figs. 4 and 5, respectively. Exposure to
an electron beam with the dose of 15 kGy (10 electron pulses) was
performed, for each irradiation case.

Fig. 4 shows the excitation spectra in the broad wavelength in the
range of 200-500 nm, monitored at the wavelength emission of 608 nm
corresponding to the highest intensity of Dy — “F5 Eu®" emission as
shown in Fig. 5.

Excitation spectra were divided into two sections. Below 300 nm
excitation spectra shows two broad excitation peaks and above 300 nm
sharp 4f°—4f5 electronic lines of Eu®" ions as can be seen in Fig. 4. Due
to these electronic lines have weaker intensity than those of the left side;
anew re-scaling was made which is shown on the y-axis on the right. The
left side shows the spectra in the middle ultraviolet region with one
prominent excitation peak at 227.5 nm and another possible high in-
tensity overlapping peak at 244.0 nm. These two overlapping contri-
bution features in the UV region possibly coming from a different origin.
Niraula et al. ([13]) have shown the excitation and emission spectra of
the Eu* doped CaSiO3/SiO, nanopowder. For emission spectra, no
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Fig. 4. PL excitation spectra of polycrystalline CaSiO3:Eu for emission wave-

length 608 nm. The solid line is for the unirradiated sample and the dash-dotted
line for the irradiated sample at 15 kGy dose.
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Fig. 5. PL emission spectra of polycrystalline CaSiO3:Eu for excitation wave-
length 227 nm. The solid line is for the unirradiated sample and the dash-dotted
line for the irradiated sample at 15 kGy dose.

differences in the shape of these spectra have been found for both
samples. However, when monitored at the wavelength emission of 610
nm, the excitation spectra of Eu>* doped CaSiO5 show one prominent
peak at about 220 nm, and for Eu>* doped SiO,, two peaks at 220 and
223 nm have been found. In this work, similar two main peaks at the
excitation spectra are shown as can be seen in Fig. 4. As mentioned by
Niraula et al. ([13]), excitation spectra of Eu>" doped phosphor are
difficult to interpret since they depend largely on phase symmetry
around the ion. On the other hand, Strzep et al. ([37]) have shown that
the UV excitation feature in the sample of Eu>*—doped YAsO4 displays
similar two overlapping contribution bands of different origins. The first
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one below 250 nm was produced by 02~ —Eu>* charge transfer and the
second at about 255 nm being assigned to 02" —As>" charge transfer
occurring within the AsO3~ groups of the host lattice [23]. have
explained that the excitation spectra of Eu doped CaSiO3 consist mainly
of a charge transfer band (CTB) of the Eu®t-0% band in the short ul-
traviolet region (with a prominent band at about 250 nm). Furthermore
[38], have explained that the broad band at 250 nm on the excitation
spectra of CalO—SiOZ:O.OlEu3+ luminescent film (monitored at 616 nm)
is attributed to charge transfer (CT) between the Eu®t and the sur-
rounding 02~ ions, whilst the lines are due to f-f transitions within the
Eu®" 4f° configuration. The intensity of this CTB depends on the energy
process efficiency from the CTB to the Eu®t emitting level [38]. have
shown that this efficiency increase with the increasing heat treatment
temperature of the Ca0-Si05:0.01Eu®" luminescent films. That is, the
interaction between 02~ and Eu®' ions in the silicate host become
stronger, whose reason could be due to that CTB of Eu®*-0? shifts to
lower energy.

On the basis of this consideration, it is suggested that the observed
peak at 227.5 nm could be associated with CT transition from 2p orbital
of 0%~ to the incomplete 4f orbital of Eu®" ions (O-Fu CT). Whilst the
low energy shoulder at about 244.0 nm may be assigned to 0>~ —Si**
charge transfer (O-Si CT) occurring within the Si04~ groups of the host
lattice. However, further studies will be necessary to verify the different
origins of these overlapping peaks, such as the change in the position of
the O-Eu and O-Si bands with respect to the annealing temperature
[37].

The sharp peaks shown at the right side of the excitation spectra
shown in Fig. 4 are due to the intra 4f-4f transitions of Eu®>" ions as
explained above. In this section, excitation spectra display six excitation
bands of Eu®" ions at 320.5, 364.0, 382.5, 395.5, 416.0 and 467.0 nm
from "Fy ground state to 5Hj, 5Dy, 5Gj, SLe, °Ds, and °D; states, respec-
tively. Among these transitions, the one corresponding to the electric
dipole transition "Fo—°Lg at 395.5 nm is the most intensity, while the
magnetic dipole transition 7F0—>5D2,3,4, 5Gj, and 5Hj are the least intense
[16,21,23,39]. These excitations at room temperature decay stepwise to
the lowest excited °Dy level by a fast-nonradioactive relaxation, fol-
lowed by a radiative transition to the o the ”F; ground state due to the
large separation between 5Dy and 7Fj J = 0,1,2,3,4) states. These
radiative transitions are giving in the orange and red regions (530-730
nm) [17].

In Fig. 5 we can see the emission spectra in the broad wavelength
region at the range of 530-730 nm, monitored at the wavelength exci-
tation of 227.5 nm corresponding to the highest intensity of excitation
spectra as can be seen in Fig. 4. Emission spectra shows five emission
bands from the 4f° electronic configuration of Eu®* ions at 574.0, 589.0,
607.5, 648.5, and 700.0 nm which are attributed to the Dy—"F; (J =
0,1,2,3,4) emission transitions, respectively. Similar emission spectra of
the CaSi03:Eu3+ structure have been shown by Zhou et al. ([21]) when
excited at an excitation wavelength of 393 nm. The 5Dy—F, transition is
strictly forbidden according to the standard Judd-Ofelt theory [40]. This
type of transition is a well-known example of the violation of the se-
lection rules of the Judd-Ofelt theory [39]. The dipole character of this
emission transition is the induced electric dipole (ED) transitions. The
electric dipole transition comes from the interaction of the Eu ion with
the electric field vector through an electric dipole. The creation of an
electric dipole involves a linear movement of charge. This transition
commonly appears at 570-585 nm wavelength range with a relative
intensity between very weak to strong [39]. Besides, this transition is
observed only for certain symmetries (Cy,, Cny, and Cs; symmetry) indi-
cating that the presence of this transition depends on the local envi-
ronment [41]. From Fig. 5 although with very low intensity and
overlapped with the ®Dy—’F; transition, we can observe an emission
band at about 574 nm which is ascribed to *Dy—’F, transition.

The 5D0—>7F1 transition is allowed as a magnetic dipole (MD) tran-
sition. An important feature of this transition is that its intensity is
largely independent of the local symmetry of the Eu>* ion [42]. The MD
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transition is caused by the interaction of the lanthanide (europium) ion
with the magnetic field component of light through a magnetic dipole.
The appearance of the magnetic dipole supposes a curved movement of
charge. Furthermore, MD transitions have a weak intensity comparable
to those of induced electric dipole transitions [39]. This transition ap-
pears at about 585-600 nm wavelength range with a strong relativity
intensity. In Fig. 5, the emission band at 589 nm is attributed to the
5D0—>7F1 transition.

The °Dy—"F transition is also known as the “hypersensitive transition”
because its luminescent intensity is much more influenced by the local
symmetry of the Eu®* ion and the nature of the ligands compared to the
intensities of the other ED transitions [39]. This transition usually is
characterized by a strong relative luminescence intensity and it usually
appears between 610 and 630 nm [39]. In this case, for Eu doped
CaSiO3, the higher emission doublets at 607.5 and 618.5 nm are
ascribed to ®Dy—’F, as can be seen in Fig. 5. The splitting of the peaks
shown in the emission spectra are attributed to the Stark effect, that is,
the splitting of the energy levels by the crystal-field effect [39]. There-
fore, the crystal field plays an important role in influencing the char-
acteristics of the optical spectra as well as the Stark effect corresponding
to the division of the energy levels of ions in solids [40].

Additionally, the weak intensity observed at 648.5 nm is ascribed to
the ED ®Dy—’Fs transition, and the weak triplets observed at 648.5,
675.0, and 700.0 nm are associated with the ED °Dy—’F, transition.

As can be seen in Fig. 5, the emission intensity of the >Dg—’Fy
transition is stronger than that of the 5Dy—7F; transition due to the Eu®t
ion in CaSiOs is located at the low or in non-centro symmetric sites [43].
It is assumed that the greater the symmetry of the rare earth ion site (e.g.
Eu), the lower the intensity of the hypersensitive transitions. This is
based on the fact that in theory, the intensity of the hypersensitive
transition (5D0—>7F2) is zero when the lanthanide ion is at a center of
symmetry. This also occurs for the other induced ED transitions [44].

After all discussion of the results shown until now, a proposed
electronic energy level diagram with the possible PL transition involved
in this process is shown in Fig. 6. This figure was performed following
the charge transfer band and energy level diagram of Eu>* proposed by
Nagabhushana et al. ([23]) and Strzep et al. ([37]). The left side shows
the proposed O-Eu CT and O-Si CT transitions. The right side shows the
excitation transition of Eu®" ions. In this process, Eu®? is raised to H, G,
L, and D levels from the ground state. After that, Eu>" ions decay
non-radiatively (NR) to the 5Dy level. Afterward, characteristics emis-
sion of Eu®" ion occurs by a radioactive process.

-
45 CT State
of Eu™
40 - 3p i
35 A
& A 5
8 30 — 4 %Mé HJ
R — °D,
= 3 5
e 2™ . 8 X ] G,
C 2 @ é D
=200 g g S S—
o ®) b 5DD
(0] =
o (&)
10 |
5F 6
§F
0k Y Y 310
2p o* Excitation Emission
Eu®

Fig. 6. Proposed electronic energy level diagram and PL transitions observed
for Eu doped CaSiO3 pellet.
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As a consequence, it can be assumed that the main luminescence of
Eu®" belongs to pseudo-wollastonite. In tridymite, rare-earth ions are
extremely poorly incorporated into the lattice. It is important to note
here that the impurity Eu®" segregates at the boundary of the tridymite
phase, which can cause the effect of concentration quenching in this
phase. Thus, the asymmetry of the Eu®" photoluminescence signal is
most likely due to the distortion of the nearest environment (1 coordi-
nation sphere), which stimulates the redistribution of the probabilities
of radiative-nonradiative relaxation.

3.3. Electron irradiation effects

By comparing irradiation and unirradiated excitation spectra, all
peaks are decreased about 60% at the left side and 75% at the right side
without any changes in position as can be seen in Fig. 4. Besides, after
pulsed electron irradiation dose of 15 kGy, emission intensities of all
peaks have decreased by about 64% but keeping the same peak position
and shape of the spectra. However, some transition intensities have
almost disappeared such as the ED 5Dy—'Fy and °Dy—’Fj transitions as
shown in Fig. 5 (dash-dotted line). This decreased in photoluminescence
intensities can be explained because the electron beam irradiation in-
duces a higher efficiency of the Eu>* — Eu?* conversion process in the
Eu3+'doped CaSiO3 polycrystal [9,10,45,46]. Moreover, the splitting
effect in the °Do—F4 transition has disappeared showing only the main
peak at 700 nm. In this sense, 5Do—>7Fj (j = 0-4) transitions of the Eu®*
ion in the CaSiOg3 host is sensitive to electron beam irradiation.

Besides, there can be several other reasons for the decrease in the
relative intensity of the Eu®>* luminescent signal: (a) since electrons are
irradiated, a space charge (a certain internal electric field) arises in the
matrix structure due to the spatial separation and localization of elec-
trons and holes. Such a field distorts electronic transitions (material
electrification effect) [47]. The energy of electrons during the used
irradiation is insufficient for the formation of defects of a new type. Most
likely, there is a recharge of the defects (intrinsic) present in the matrix,
such as interstices or oxygen vacancies. (b) The sample is devitrified
silicate. During devitrification, as a rule, defective micro-and nano-
crystals are formed. When recharging, defects in nanocrystals distort
structural units (oxygen octahedra, tetrahedra), including impurity Eu®*
ions. In this case, there is a change in the ratio of the probabilities of
radiative and nonradiative transitions. (c) During devitrification, a small
proportion of the residual glass phase is retained. Therefore, the
non-single-phase nature of the samples under study can also be the
reason for the redistribution of the intensity of the photoluminescent
signal before and after exposure to accelerated electrons.

Malchukova and Boizot ([45]) have studied the Eu®t - Eu?f
reduction in aluminoborosilicate (ABS) glasses under p-irradiation with
2.5 MeV electrons. They have shown that in this host the intensity ratio
Eu?*/Eu®* as a function of Eu,03 content decreased from 0.1 to 1.0 mol
% of EuyOs. That is, the increasing of EupO3 content in this glass material
promotes the quenching of Eu?" luminescence while the intensity of
Eu®" emission band is increasing. Moreover, the intensity of the broad
and weak emission band due to Eu®** ion (between 350 and 540 nm) in
0.2 mol% Euy03 doped of this ABS sample decreases as the excitation
wavelength decreases. It is important to mention that Eu displays
different luminescence characteristics according to its valence [14,16].
Eu®" exhibits a red-light emission, while Eu?" according to the host it
may emit anywhere from UV to the deep red region [17,45,48,49].
Pandey and collaborators ([14]) have shown that Eu®* peak of the
photoluminescence spectra of the gamma-irradiated nanocrystalline
K2Cay(S04)3:Eu is higher than that of the unirradiated sample. They
concluded that it will be due to the Eu®" — Eu?" conversion as a result of
irradiation. Pode and Dhoble [9] have shown that photoluminescence
spectra of unirradiated YVO4:Eu>" shown a strong emission line of Eu®*
at 616, 594, and 575 nm due to 5Do - 7F2, 5D0 - 7F2, and 5Do - 7F2
transitions respectively. However, when irradiated with gamma rays
these emission lines are decreased without changes in the position.
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Additionally, a broad and emission band at 425 nm is seen due to Eu**
which is not observed in the unirradiated doped sample. They concluded
that after gamma irradiation some of Eu>* ions are converted into Eu**
ions. These results are in good agreement with the fact of exposure to
ionizing radiation of RE3" (RE: rare earth) often it results in conversion
RE®" — RE%" [46]. However, Zhu et al. ([10]) have shown that by
comparing the luminescence spectra from the *Dy — 7Fj G=14
transitions in the Eu®" ions of the Y,05:Eu* phosphor is not sensitive to
gamma irradiation. They argue that may be due to the shielding effect of
the electrons in the 4f orbital by the outer 5s and 5p orbital for Eu>* ions
[10]. Upadeo and Moharil ([48]) have studied the radiation-induced
valence changes in several Eu-doped phosphors. They have shown that
the efficiency of Eu>™ — Eu?* conversion is strongly dependent on the
host material. They have concluded that (1) no Eu®t = Eu®* conversion
was observed for compounds of La, Ga, and Y displaying a possible
highly stabilized in the trivalent form in these compounds. (2) Eu’t -
Eu?" conversion has been observed in several but not all phosphates,
sulfates, and halides. Moreover, it has been observed that this conver-
sion is greater for a lower concentration of Eu®* (0.1-0.2 mol%.). That
is, high Eu®" concentration (a few moles per cent) could be adverse for
radiation-induced Eu®* — Eu?* conversion [48]. Lim et al. ([50]) have
studied the permanent Eu>* — Eu?" conversion in sodium borate glasses
by irradiation of near-infrared femtosecond laser. They have shown that
this conversion efficiency was dependent on the initial Eu®* concen-
tration, irradiation intensity, and exposure time. That is, this efficiency
increased with the number of laser shots but decreased with a higher
concentration of Eu® ions (in 0.05, 0.1, and 0.5 mol% glass samples).

In the present work no peaks, concerning Eu?" ion have been
observed between 400 and 560 nm in emission spectra of Eu®>" doped
CaSiOj before and after electron beam irradiation dose of 15 kGy as can
be seen in Fig. 5. This absence of peak could be because of the dopant
quantity of Eu (1000 ppm) employed in the CaSiO3 host and/or also due
to the lower monitored excitation wavelength used (Aex = 227.5 nm).
That is, the Aex used in this work could do not stimulate the typical
emission Eu?" due to the 4°5 d! — 4f” transition [15]. However, in this
work, we believe that there are no Eu®>" centers in the matrix under
study, both before and after electron irradiation. Otherwise, strong
luminescence in the blue-green spectral range would be observed, due to
radiative d-f transitions with a high oscillator strength.

We are planning the PL study of Eu doped CaSiO3 phosphor, doped at
different quantities in ppm of Eu, and excited at different Aey values as a
part of future works. We expect to know the relative intensity of Eu>*
emission bands according to different doping concentrations.

3.4. Symmetry of the crystal field around Eu>*

Another probable fact found about the quenching effect on PL in-
tensities can be because electron beam irradiation can induce the for-
mation of defect centers in the CaSiO3 host which acts as nonradiative
recombination centers. Similar behavior has been reported by Buyanova
et al. ([51]) for GaN material. They found that, after electron irradiation
of this material, the quenching of PL intensity is possibly caused by the
formation of deep-level centers that act as nonradiative recombination
channels and/or optically active centers in the near-infrared spectral.

On the other hand, it is important to be mentioned that the variation
of the site symmetry of Eu®* ions in CaSiOs host can be evaluated from
the evolution of the integrated emission intensity ratio of Dy—’F; and
5D0—>7F1 transition also known as the asymmetric ratio Ry; [22]. The
High value of this asymmetry ratio indicates lower symmetry of the
crystal field around Eu®t ions [43,52].

In this work, the asymmetric ratio Ry; has been calculated by
considering the area under the electric dipole 5D0—>7F2 transition,
divided by the area under the magnetic dipole °Dy—’F; transition for
CaSiOs:Eu polycrystal according to the analysis developed by Halappa
et al. ([53D).

Asymmetric ratio Ry; has been calculated for emission spectra of
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unirradiated and irradiated CaSiOs:Eu. For this purpose, decomposition
into Gaussians of the emission spectra as a function of energy (eV) was
carried out to calculate the area below the emission curve. Fig. 7(a) and
Fig. 7(b) show decomposition into Gaussians of the emission spectra for
unirradiated and irradiated CaSiOs:Eu, respectively (from Fig. 5).

The emission spectra shown in Fig. 7 (a) is composed of six Gauss-
ians. Gaussians labeled with (1) and (2) corresponds to the SDo—"Fa; (3),
(4), and (5) to 5D0—>7F1; and (6) to 5D0—>7F0. Fig. 7(b) shows the
decomposition into six Gaussian, (1), (2) and (3) corresponds to the
5D0—>7F2; (4), (5) and (6) to 5D0—>7F1. As explained before, for the un-
irradiated Eu doped CaSiOs, the higher emission doublets at 607.5 and
618.5 nm are ascribed to 5D0—>7F2 (Fig. 5) which can be well resolved by
two main Gaussians centered at 2.005 and 2.042 eV as shown in Table 1.
The broad emission band at 589 nm which is attributed to the °Dy—"F;
transition (Fig. 5) can be decomposed by three main Gaussians centered
at 2.076, 2.099, and 2.121 eV (Table 1). Finally, the very low emission
band at 574 nm (which is overlapped with the 5D0—>7F1 transition),
ascribed to 5D0—>7F0 transition (Fig. 5) can be well resolved by one
gaussian curve centered at 2.160 eV (Table 1). Similar analysis occurs
for the electron irradiated Eu doped CaSiOs, and reasons for the
quenching photoluminescence after irradiation have been explained

Unirradiated - CaSiO4:Eu

O Experimental
= Computed

Emission Intensity (a.u.)[x10%]

(b) Irradiated - CaSiO5:Eu

O Experimental
Computed

Emission Intensity (a.u.)[x107]

2.0 2.1 2.2
Energy (eV)

Fig. 7. Decomposition of emission spectra into Gaussian for CaSiOs:Eu (a)
before irradiation, and (b) after electron beam irradiation.
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Table 1
Summary of Full half-width maximum (FWHM) and the position of maxima
intensity (x.) from Gaussians after emission spectra decomposition.

Gaussian number Unirradiated Irradiated
X, (eV) FWHM (eV) X, (eV) FWHM (eV)

1 2.005 4135 x 1072 1.987 1.369 x 1072
2 2.042 2.571 x 1072 2.009 3.362 x 1072
3 2.076 1.515 x 1072 2.041 2.606 x 1072
4 2.099 2.771 x 1072 2.085 1.459 x 1072
5 2.121 3.532 x 1072 2.102 2.096 x 1072
6 2.160 2.356 x 1072 2.124 3.136 x 1072

previously in this section.

As a result, the obtained asymmetric ratio for unirradiated CaSiOz:Eu
is Rp1(u) = 2.06, and for irradiated CaSiOs:Eu is Rpi(i) = 2.52. It is
possible to conclude that after electron beam exposure of this com-
pound, there is a decrease in symmetry of the crystal field around Eu®*
ions due to its higher value of the asymmetric ratio Ra; (Ra1(i) > Ra1(1)).
Rp; values for both the irradiated and non-irradiated cases are greater
than 2 which indicates that the integrated emission intensity of transi-
tion *Dy—"Fy is greater than twice that of transition 5Do—’F; Table 1
displays the summary of full half-width maximum (FWHM) and the
position of maxima intensity (x.) from Gaussians obtained after
decomposition of the emission spectra for non-irradiated and irradiated
CaSiO3:Eu as shown in Fig. 7.

The study of luminescence optimization with a superior asymmetric
ratio Rp; has been the subject of several studies to obtain a pure red
emission for optical applications [54,55]. Pure red emission is obtained
from the Dy—’F, emission transition of the 4f° electronic configuration
of Eu®" ions, this transition being relatively strong if the symmetry of the
crystal is low [53-55]. Yadav et al. ([56]), for instance, have found that
a higher Ry; value was obtained by the co-precipitation method used for
the production of nano-size YBOs:Eu>* phosphor. In the present work,
an improvement of the Ry; is obtained after a high electron irradiation
dose of 15 kGy in Eu doped CaSiO3 compound.

4. Conclusions

Polycrystalline glass-ceramic Eu®*doped CaSiOs (1000 ppm) has
been synthesized by the devitrification method. Powder pattern
diffraction of this material has shown the main phase identified as
pseudowollastonite (p-CaSiO3) accompanied by a minor phase of tri-
dymite (polymorphic of quartz - SiOy).

The optical absorption of Eu"-doped CaSiOs shows an intense ab-
sorption band between 200 to 300 nm which is attributed to the oxygen
to silicon (0-Si) LMCT in the SiO3~ group, and the broad-band between
300 to 500 is attributed to the intra configurational 4f —4f transitions
from the 7F0 level (excitation spectra). The induced broad visible band
could be due to the formation of SIOHC or NBOHC centers.

Excitation spectra, monitored at 608 nm, shows one high-intensity
excitation peak at 227.5 and an overlapping lower intensity peak at
244 nm. These peaks are possibly associated with O-Eu and O-Si CT
transitions, respectively. Besides, the contribution of tridymite minority
phase (SiOy) could promote the O-Si CT process in the CaSiO3:Eu
sample.

Above 300 nm spectra display the characteristic excitation band of
the Eu®* ions, from "Fq ground state to 5Hj (320.5 nm), °D, (364 nm), 5Gj
(382.5 nm), °Lg (395.5 nm), °D3 (416 nm), and °D, (467 nm) states.
Among them, the electric dipole transition “Fy —°Lg is the one with the
most intensity.

Emission spectra, excited at 227 nm, exhibits the characteristics
transition of Eu®* ions in CaSiO3 host corresponding to 5Do—"F, (574
nm), Do—F; (589 nm), °Dy—’F, (607.5 and 618.5 nm), *Dy—’F3
(648.5 nm), and °Do—'F4 (648.5, 675.0 and 700.0 nm). The splitting
effect observed in °Dy—’Fy and °Dg—’F, are attributed to the Stark
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effect. Moreover, the intensity of the >Dg—’F, transition is stronger than
that of the °Dy—7F; transition due to the Eu®* ion in CaSiOj is located at
the low symmetric sites. A proposed electronic energy level diagram
with the PL transition of Eu®* ion in CaSiOs host has been performed.

After electron beam irradiation, all peaks of the PL spectra have
decreased but maintaining the same peak position and shape. The
decrease in the relative intensity of the Eu>" can be due to the distortion
of electronic transitions produced by the space charge originated in the
electron irradiation. Besides, during the devitrification process defective
micro-and nanocrystals are formed, that during irradiation, defects in
nanocrystals distort structural units generating a change in the ratio of
the probabilities of radiative and nonradiative transitions. Also, the non-
single-phase nature of the samples under study can be the reason for the
redistribution of the intensity of the photoluminescent signal before and
after exposure to accelerated electrons.

The nonappearance of peaks regarding Eu?* between 400 and 560
nm in emission spectra of Eu>" doped CaSiOs, before and after electron
beam irradiation, could be because there are no Eu®* centers in the
matrix under study. That is, a strong luminescence in the blue-green
spectral range due to radiative d-f transitions cannot be seen.

For the calculation of the asymmetric ratio Ry value, decomposition
into Gaussians of the emission spectra as a function of energy (eV) was
performed. The result shows a higher value of the Ry ratio found after
electron beam irradiation (Rp1(i) = 2.52). For the unirradiated case, it
was found that asymmetric ratio Ry;(u) = 2.06. These results indicate
that there is a decrease in the symmetry of the crystal field around Eu®*
ions after irradiation. The improvement of the Ry; obtained after high
electron irradiation (about 18%) shows the luminescence optimization
of Eu doped CaSiO3 compound and its use in optical applications.
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