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This work aimed to investigate the luminescent characteristics of lanthanide and alkali metal ion-doped
BeO ceramic pellets prepared using the co-precipitation synthesis technique for Optically Stimulated
Luminescence (OSL) dosimetry applications. In this study, BeO nano phosphor was doped with lanthanides
(Ln*) Eu®, ce®, Nd3*, Yb3*, Er®*, Gd**, Tb**, Tm3*, Sm**, Pr**, and Dy>* and co-doped with Na*, and
characterized using radioluminescence (RL), thermoluminescence (TL) and OSL techniques. Lanthanides
Keywords: introduced as dopants not only affected the luminescence centers but also changed the luminescence
BeO mechanisms. The RL spectra of lanthanide-doped BeO samples showed that they mostly possess dominant
emissions in the narrow bands (between 200 and 450 nm) in the UV region. OSL emission bands were
found to be located between ~250 and ~390 nm. The results have demonstrated that the incorporation
of appropriate Ln®" and alkali metal ion dopants and their optimum concentrations enhanced the
luminescence intensity of undoped BeO. The studied BeO:Nasg,Ce 01%,Ero.01% BeO:Nasy,Ceo.oos%Tbo.os% and
BeO:Nasy,Cep01%,DYo.01% ceramics can be regarded as highly sensitive controllable luminescence dosimeters.
The range of sensitivity of those samples is such that their most probable use in clinical therapy dosimetry
rather than in health physics.
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1. Introduction To estimate absorbed radiation dose, TL, and OSL materials as

passive detectors are used in radiation dosimetry [1-7]. Lumines-

The entire phenomena of luminescence of insulating and semi-
conducting materials include the excitation of charged carriers,
charge carrier migration, and trapping at defect centers; the thermal
or optical release of the trapped charge carriers; and finally the re-
combination of the charge carriers resulting in luminescence. Arising
the electron-hole recombination causes excitation of luminescence
centers in the crystal which is followed by decaying to the ground
state and simultaneous emission of the photons. The phenomenon is
called Thermoluminescence (TL) if the stimulation mode is thermal,
and Optically Stimulated Luminescence (OSL) if it is optical. The
aforementioned process has been the basis for the practical use of TL
and OSL in ionizing radiation detection and measurement.
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cence of dosimetric materials is controlled using appropriate dopant
ions generally transition metal and/or rare-earth metal ions as the
luminescent centers. Such dosimeters should have features of high
sensitivity to radiation, light-sensitive trapped charges, low-fading
at room temperature, insensitivity to external influences such as
humidity or mechanical stress, and possibly easy and fast readouts.
Besides, features such as soft tissue equivalency for Z.g value,
minimum size, or cost may be important for the commercialization
of the product. In the literature, although there are a lot of materials
with well-determined OSL properties (Al,03, BeO, MgO, etc.), there
exist a limited number of commercialized OSL materials e.g., Al;03:C
from Landauer Inc. and Thermalox 995 BeO from Materion Inc. For
this reason, the researchers have suggested fundamental mechan-
isms governing the luminescence properties in various host oxide
lattices and developed new TL or OSL materials [8-18].

With a wide bandgap of approximately 10.6 eV, BeO as an in-
sulator has been used commercially in industrial applications since
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the 1950s. It has many unique structural, chemical, and physical
properties [19,20]. Specifically, BeO ceramic dosimeters are widely
used in personal dosimetry applications because they have a low-
effective atomic number (Z.g = 7.13) that is quite close to biological
tissue (Zegr = 7.42). In the first dosimetric studies performed with
BeO, the material was proposed as alternative thermoluminescence
(TL) dosimeter to TLD-100 dosimeter. However, due to the toxicity of
BeO powders and high light sensitivity of TL signals, important dif-
ficulties in using the material in TL applications have been revealed
[2,5,21]. Although these light-sensitive TL signals in BeO seemed to
be a disadvantage in practice, in later times they encouraged many
researchers for the usage of the BeO ceramics in OSL applications
[22]. After the detailed OSL study of BeO (Thermalox 995 chip) [23],
the material has become popular among researchers for OSL dosi-
metry. As a result of ongoing researches, a commercialized
BeO-based OSL dosimetry system has been produced for radiation
dosimetry [24-27].

BeO Thermalox 995 OSL material from Materion Ceramics is a
widely used commercial dosimeter in research and has been de-
scribed in the literature [24,28]. BeO Thermalox 995 chips contain
many transition metal impurities such as Si, Mg, Fe, Al, B, and Ca
[29,30]. As these elements are not specifically doped to the material
for dosimetric purposes, understanding and controlling the lumi-
nescence characteristics of the material are complicated. Therefore,
it attracts researchers to produce new BeO-based materials with
appropriate dopants to improve the luminescence properties of BeO
ceramic material and achieve controllable luminescence. Due to the
increasing demand for passive radiation detectors in radiation do-
simetry, our research group has been studying synthesized and
doped BeO ceramics as probable OSL dosimeters over the last decade
[11-13,20,31,32].

Lanthanide (Ln) ions have been extensively studied in recent
years for their potential use as lighting elements [33]. Complicated
optical characteristics of Ln ions originate primarily from the unique
features of their electronic [Xe]4fN configurations (N = 0-14), which
have very localized states and can be represented in the theory of
the crystal-field conventionally. In particular, Ln>* based upconver-
sion (UC) luminescence is one of the most important properties of
rare-earth luminescence, which has attracted attention in materials
science to understand defects in materials, in recent years [34].
Upconversion, which is a nonlinear anti-Stokes process, is briefly the
conversion of low-energy near-infrared (NIR) photons into higher-
energy photons (ultraviolet (UV), visible, and NIR) [35]. This con-
version takes place by using actual ladder-like energy levels divided
by the electric field effect generated by the crystalline environment,
and the use of the long lifetime of Ln®" ions located in a suitable
dielectric crystal [33,36,37]. The enhancement of UC luminescence is
of significance for the production of luminescent materials suitable
for desired application areas. Specifically, luminescence of lantha-
nide (Ln3*) ions doped BeO has been seldomly studied. Furthermore,
there are few works of literature about lanthanide (Ln>*) ions doped
BeO, and the luminescent properties of these materials haven’t been
systematically investigated yet.

This work was particularly done to achieve the enhanced lumi-
nescence in BeO ceramic samples by the optimization of the Ln**
dopant concentrations, and application of the passive admixtures
(e.g., Na*, Li*, K" co-doping). We developed alternative BeO oxide
phosphors with better efficiency and extended their applications to
be used in luminescence dosimetry. In this work, lanthanides (rare-
earth elements) Eu®*, Ce3*, Nd**, Yb**, Er?*, Gd**, Tb**, Tm?*, Sm>*,
sr3*, Pr®*, and Dy** doped BeO ceramic samples were successfully
produced using the co-precipitation method and interpretation of
their luminescence mechanisms was proposed. Luminescence
characteristics of the Ln**-doped BeO samples were studied using
OSL spectra, radioluminescence (RL), TL, and OSL techniques.
Luminescent behaviors were investigated in terms of possible
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relations to the trivalent lanthanide dopants and alkali metal ion co-
dopants added into the BeO host material.

2. Material and method
2.1. Material synthesis

BeO ceramics were synthesized and doped using the co-
precipitation method. Beryllium sulfate tetrahydrate (99.90%,
BeSO4+4H,0), polyethyleneimine solution ((NHCH,CH,),, 50% (w/v)
in H,0), and ammonium hydroxide (28.0-30.0% NHs3 basis, NH,OH)
precursor reactants were used for initial salt, polymerization, and
initiator of the precipitate, respectively. All raw dopant materials
(Na*, Li*, K%, and Ln3* (Eu®*, Ce®*, Nd**, Yb**, Er**, Gd®", Tb>*, Tm>",
sm>*, sr**, Pr**, and Dy>*)) used were only nitrate based. The co-
precipitation method was presented in detail previously in our
studies [12,20,31,38], and modified to better control the Ln**-doped
BeO synthesis process in this study. The actual Ln3* contents in the
sintered pellets were not verified. The resultant precipitate samples
were calcined at 900 °C for 4 h in the air atmosphere for removing
the organic formations which come up with the synthesis process
and obtaining the BeO nanocrystal structure of the material. Finally,
lanthanide-doped BeO powders were prepared in pellet forms to
obtain more settled OSL signals. BeO ceramic pellets having di-
mensions of ~3.1 mm radius and ~0.8 mm thickness were obtained
using 25 mg powder samples. To avoid the toxicity of BeO powders,
and provide strength and integrity, the prepared pellets were sin-
tered at 1600 °C for 4 h. After sintering, the weight losses were
observed and the average weights appeared as ~23.1+0.2 mg. In-
halation of beryllium powders in the air may cause a serious lung
condition, depending on the dose. It should be noted that, unlike
BeO powders, the use of solid form BeO ceramics (chips, rods, discs,
etc.) does not pose a special health risk. In our work with BeO, we
paid attention to safety and environmental protection studies to
avoid toxicity and followed safe usage practices. Personal protective
equipment such as gloves, dust/gas masks, and/or goggles was used
during BeO synthesis.

2.2. Characterization techniques

Powder x-ray diffractograms (XRD) were obtained using a
PANalytical EMPYREAN XRD diffractometer with Cu-Ka (the gen-
erator voltage of 60 kV, the current of 40 mA) by scanning from 10°
to 90° (20) with 0.02° (20) steps. The XRD patterns were compared
with the reference data by the International Centre for Diffraction
Data (ICDD). The Raman spectra of undoped and Ln** doped BeO
ceramics were done using a Raman spectrophotometer (Renishaw in
Via Qontor) with 532 nm laser as excitation wavelength.

A DA-20 model Ris@ TL/OSL reader system was used for the TL
and OSL measurements. The samples were irradiated using a
905r-20Y beta particle source. TL and OSL emissions in the UV region
were detected using a Hoya U-340 filter in front of the bialkali
photomultiplier tube (PMT) unit. In OSL readouts, samples were
firstly irradiated with a 0.5 Gy beta dose and preheated to 100 °C for
10 s for eliminating the signals that come from the shallow traps.
470 nm Blue LEDs were used for the light stimulation for 200 s in
continuous wave OSL mode (CW-OSL mode). TL readouts were
conducted by heating the previously irradiated samples with 0.5 Gy
dose to 650 °C without any preheating. In all the TL measurements,
the heating rate was 3 °C/s. Before TL/OSL comparison measure-
ments of Ln>*-doped BeO ceramics, each sample was individually
calibrated according to a reference dose of 0.5 Gy to better identify
variations in responses in the same batch. All the experimental data
reported in this study is presented after a correction made using
obtained calibration factors. To increase the reliability of the
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luminescent experiments, both the fresh pellets and used pellets
were measured after annealing at 650 °C for 10 min

RL analyzes of the Ln>**-doped BeO ceramics were obtained using
a handmade radioluminescence system equipped with a highly
sensitive Ocean Optics fiber spectrometer, a CCD detector. Ln®*
doped BeO ceramic samples were exposed to X-rays of ~20 kV.

OSL emission spectra were measured using a Horiba Jobin-Yvon
Fluorolog-3 spectrofluorometer with a 450 W continuous xenon
lamp for excitation and optical detection with a Hamamatsu R928P
photomultiplier operating in the photon counting mode. The ex-
citation monochromator was set to 475 nm and the emission spectra
were recorded by scanning from 240 to 420 nm in 3 nm increments
using 0.1 s integration time. The slits of excitation and emission were
selected as 5 nm and 9.5 nm, respectively. A 450 nm long-pass filter
for excitation and an UFS-1 short-pass filter were used. The excita-
tion time was 60 s. All the OSL emission spectra presented here were
previously corrected by the spectral response of the system. To re-
duce the effect of change over time, all spectra were recorded as
quickly as possible, and each was averaged after 3 consecutive scans.

3. Results and discussion
3.1. Crystal structure

The crystallographic phase formation of BeO was confirmed by
comparing it with the ICDD PDF-card no 98-001-5620 revealing the
hexagonal crystal structure with the P6smc space group. Fig. 1.
shows the well-indexed three highly sensitive peaks with (100),
(002), and (101) orientations from undoped and Ln>**-doped BeO
ceramics. The XRD patterns showed that BeO ceramics doped with
different Ln>* ions synthesized under the same synthesis processes
(i.e., calcination and sintering conditions) had the same phase. The
XRD patterns do not contain any peaks related to Ln>* ions, this may
be attributed to the incorporation of Ln3* ions into Be?* lattice sites
rather than interstitial ones [39].

Apart from the general appearance of XRD patterns, lattice
parameters were evaluated from the XRD data. As expected from the
difference in ionic radii between Ln3>* and Be?" host sites (see
Appendix A. Table Al.), a systematic change in lattice parameters
was observed in Table 1. Both lattice parameters (a and c) and cell
volume (V) were decreased with Ln*>*doping due to an increase in
the existing defect concentration in the lattice. This may be attrib-
uted to the larger ionic radius of Ln>* compared to that of Be**, hence
leading to a lattice contraction [39,40]. Furthermore, The Be-O bond
length values obtained from the XRD data of the BeO:Ln®*" samples
are slightly lower than that of the undoped BeO sample (see
Table 1.), indicating that the structural defects and especially the
oxygen vacancies have been reduced. The oxygen positional para-
meter (u) and c/a values providing information about the oxygen
vacancies in the structure were also evaluated. All the BeO:Ln3*
samples showed a significantly higher c/a ratio than undoped BeO,
which may indicate reduced oxygen vacancies Vo and extended
defects (dislocations and grain-boundaries) [39].

On the other hand, the structural parameters, diffraction peak
position (20), FWHM (B), the crystallite size (D), micro-strain (¢), and
dislocation density (5) of undoped and Ln**-doped BeO samples
were evaluated from the XRD data and summarized in Table 2. As
can be seen from Table 2, the diffraction peak positions (20) slightly
shifted to the right with Ln®>*doping. It can be said that three highly
sensitive peaks regarding (100), (002), and (101) orientations shift to
the right due to a decrease in lattice parameters a and ¢ when
compared to the undoped sample, leading to a resultant increase in
the concentration of defects in the structure [31,41]. In our in-
vestigations, as the target material was exposed to severe de-
formation with Ln3* doping, the resulting deformation and
inhomogeneous strain in the crystal lattice led to increase in
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Fig. 1. XRD patterns of undoped and 1 mol% of Ln** doped BeO phosphors.

Table 1

Lattice parameters a and c, unit cell volume (V), lattice distortion c/a, positional
parameter u and Be-O bond length L of undoped and Ln>*-doped BeO samples syn-
thesized by the co-precipitation method.

Lattice Parameters cla u Be-O bond

2 (A A VA Length L (A)
BeO 2.459 4388 22.97 17844  0.35468 1.55620
BeO:Eu 2.397 4390 21.85 1.8313 034939  1.53385
BeO:Ce 2.397 4.385 21.82 1.8293  0.34962 1.53310
BeO:Nd 2.397 4.386 21.83 1.8298  0.34956 1.53329
BeO:Yb 2.397 4.386 21.83 1.8298  0.34956 1.53329
BeO:Er 2.397 4.386 21.83 1.8298  0.34956 1.53329
BeO:Gd 2.428 4388 22.39 1.8074 035204  1.54461
BeO:Tb 2.428 4.388 22.39 1.8074 035204  1.54461
BeO:Tm  2.397 4386 21.83 1.8298 034956  1.53329
BeO:Sm  2.428 4.386 22.39 1.8069  0.35210 1.54443
BeO:Pr 2.368 4385 21.29 1.8521 0.34717 1.52239
BeO:Dy 2.459 4.388 2297 17844  0.35468 1.55620

full-width at the half maximum (FWHM = p) of the diffraction peak
(see Table 2). It has been observed that diffraction broadening causes
generally an increase in lattice micro-strain (¢) and a decrease in
crystallite size (D) of strain-hardened materials. This is an indication
of an increase in the overall defect concentration in the structure.
Whereas, by adding Yb®*, Pr>*, and Dy>* dopants, while the crystal
grew in preferred orientations, it caused a decrease in micro-strain,
which means a low lattice imperfection in the structure (see
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Table 2
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Structural parameters, diffraction peak position (28), FWHM (), crystallite size (D), micro-strain (¢) and dislocation density (5) of undoped and Ln**-doped BeO samples syn-

thesized by the co-precipitation method.

20 (°) B(°) D (nm) ex 1072 5 x 1073 (nm™?)

(100)  (002)  (101)  (100) (002) (101) (100)  (002)  (101)  (100)  (002) (101)  (100)  (002)  (101)
BeO 38.44 4115 43.83 0.1839 0.1714 0.1922 47.8 51.73 46.55 4.286 4.011 4457 0.438 0.374 0.461
BeO:Eu 38.46 4113 43.83 0.3745 0.5379 0.2525 23.48 16.48 35.44 8.693 12.589 5.856 1.814 3.682 0.796
BeO:Ce 38.46 4117 43.85 0.1955 0.1721 0.2101 4497 51.52 42.59 4.538 4.028 4.872 0.494 0.377 0.551
BeO:Nd 38.46 4116 43.84 0.2649 0.2159 0.2953 33.19 41.07 303 6.149 5.053 6.849 0.908 0.593 1.089
BeO:Yb 38.46 4116 43.85 0.209 0.1721 0.2215 51.08 51.52 40.4 4.851 4.028 5.137 0.383 0.377 0.613
BeO:Er 38.46 41.16 43.84 0.2682 0.2543 0.3002 32.78 34.87 29.81 6.226 5.951 6.961 0.931 0.822 1125
BeO:Gd 38.45 4115 43.84 0.2035 0.1782 0.2089 432 49.76 42.83 4.733 4171 4.845 0.536 0.404 0.545
BeO:Th 38.45 4115 43.84 0.1847 0.1457 0.1928 47.6 60.85 46.41 4.296 3.410 4471 0.441 0.270 0.464
BeO:Tm 38.46 41.16 43.85 0.1841 0.1847 0.1868 47.75 48.01 479 4.273 4323 4332 0.439 0.434 0.436
BeO:Sm 38.45 4116 43.83 0.2776 0.2542 0.2177 31.67 34.88 411 6.457 5.949 5.049 0.997 0.822 0.592
BeO:Pr 38.47 4118 43.86 0.1507 0.1459 0.1493 58.34 60.82 59.94 3.491 3414 3.463 0.294 0.270 0.278
BeO:Dy 38.44 4115 43.83 0.1334 0.1234 0.1352 65.9 65.58 67.07 3.109 2.888 3.136 0.230 0.233 0.222

Table 2.). The calculated dislocation densities increased with Ln3*
doping, and consequently, dislocation movements occurred at
higher dislocation densities for the doping process. The effect of
doping of Ln®* ions having larger ionic radii on the stress and dis-
location densities in the synthesized BeO structures is clearly seen in
Table 2. Larger dislocation density may be associated with greater
hardness or a decrease in particle size [42,43]. As a result of these
phase analyzes, it was found that the crystallinity, defect structures,
and physical properties of the BeO ceramics depend strongly on the
Ln>" dopants. A detailed description and model equations related to
lattice and structural parameters were presented in Appendix A.
Fig. 2 shows the Raman spectra of the undoped and Ln>* doped
BeO ceramics excited by a laser with a wavelength of 532 nm. Two
major peaks of A; (TO) (680.23cm™!) and E; (TO) (722.21cm™)
optical phonons were detected on all samples. Additionally, a low
sensitive peak of A; (TO) optical phonon was observed between
1085.85cm™! and 1096.56 cm™'. Theoretical calculations for the E;
and A; phonon modes, which are originated from the opposite
motion of the Be and O bond in the basal plane, were reported as
697-725cm™" and 1080-1113 cm™ [44,45]. The E; mode oscillates
perpendicular to the c-axis, while the A; mode oscillates parallel to
the c-axis. It can be said that the BeO phase did not change with Ln>*
doping, and thus Ln>* ions successfully entered the BeO lattice be-
cause no additional peaks associated with the Ln>* ions were ob-
served in Raman spectra (see Fig. 2). Therefore, Ln*" ions can be
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Fig. 2. Raman spectra of undoped and Ln>* doped BeO ceramics measured using
532 nm laser.

suggested that they substitute for Be?* lattice sites rather than locate
in interstitial positions.

3.2. RL emissions of undoped and single-doped BeO

It is well known that the optical characteristics and the emission
intensity of Ln>* ions are very sensitive to the surrounding crystal
structure and crystal field environment. Investigation of RL proper-
ties of Ln®>" doped nanocrystals is thereby important to provide
knowledge about the locations and overview of luminescence bands.
In this study, RL emissions of the undoped and singly doped BeO
ceramics, with lanthanides at 1 mol% dopant concentration, namely,
BeO:Eu,y4, BeO:Cey, BeO:Nd;y BeO:Yb;y, BeO:Er;ys, BeO:Gdg,
BeO:Tb;y, BeO:Tm;y, BeO:Smyy, BeO:Priy, and BeO:Dy,4 were ob-
tained using a 1 nm resolution at room temperature and presented
in Fig. 3.

All the lanthanide-doped BeO ceramic samples were found to
exhibit a characteristic wide UV emission band of BeO with a max-
imum at 250 nm, located between 200 and 450 nm (see Fig. 3). The
source of the large and sensitive emission at approximately 4.9 eV is
the radiative annihilation of self-trapped excitons caused by X-ray
excitation [31,32,46,47]. The luminescence in BeO is known to be
characterized by the two emission bands at ~3-4eV (300-400 nm)
and 4.9 eV [47]. Because the 4.9 eV emission band is not close to the
spectral range of the conventional PMT and transmission range of
the Hoya U-340 filter, herein, only 3-4eV emission bands were
observed in OSL readouts. In the literature, the sources of RL and OSL
emissions in a Thermalox BeO chip were reported to be different,
and the resulting luminescence mechanisms in BeO were suggested
to be different [48]. However, in our studies, the RL and OSL emis-
sions were found to be similar for synthesized Ln>* doped BeO
ceramics (will be discussed later).

Eu®"-doped BeO ceramics showed typical RL emission bands of
Eu?* ions located between 570 and 750 nm (see Fig. 3b), which could
be ascribed to *Dog =7F; (j = 0-4) red emission transition of Eu**.
The characteristic emission of Eu?* at 384 nm, which originated from
the 5d — 4f transition, was not observed because it remains under
the main emission peak of BeO. In the case of Ce>*-doped BeO
ceramics, although RL emission bands located between ~300 nm and
450 nm (5d — 4f transition) did not appear as isolated peaks and
probably located under the dominant broadband emission of BeO. As
is shown in Fig. 3¢, doping with Ce3* ions caused an increase in the
intensity of characteristic peaks in the RL diffractogram. 400 nm RL
emission peak was observed from the Nd**-doped BeO ceramics (see
Fig. 3d), associated with the 4f — 4f transitions of Nd*". In Fig. 2e,
Yb?*-doped BeO samples showed a characteristic emission centered
at 525nm, originated from the allowed electric dipole 5d — 4f
transition of Yb?". The observed emission peak at ~570 nm in Fig. 2f
represents the 4S3,,—115, characteristic transition of Er*3, In Fig. 3g,
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Fig. 3. The RL emission spectra of undoped BeO and BeO:Ln;y ceramic samples a) undoped BeO, b) BeO:Eu,y, c) BeO:Ce;g, d) BeO:Nd;4, e) BeO:Yb,y, f) BeO:Ery, g) BeO:Gd,s,
h) BeO:Tb;g, i) BeO:Tm;, j) BeO:Sm;y, k) BeO:Pry, and 1) BeO:Dy;5. Samples were sintered at 1600 °C for 4 h after calcination at 900 °C for 4 h.

the characteristic 315 nm RL emission is likely to be associated with
the 6P7/2—>857/2 transition of Gd>*. This RL emission was observed in
the RL spectra of BeO: Gd>* samples as overlapping with the
dominant emission of BeO. For the Tb**-doped BeO samples in
Fig. 3h, at least six overlapped peaks in the visible region were ob-
served in RL spectra. It can be said that these visible range emission
peaks are due to the °D4 —"F; (j = 6 - 0) characteristic transitions of
Tb®* with the emission bands located at 490, 540, 580, 620, 650, 660
and 675nm [49]. Only Tm>*-doped BeO ceramics showed a distinct
peak with a maximum of about 400 nm occurred as a neck at the

right side of the 250 nm broad emission peak of pure BeO (see
Fig. 3i). This 400 nm RL emission is due to the 'D, — 3F, transition of
Tm3*. Sm3'-doped BeO samples showed five characteristic RL
emission bands located at 560, 595, 640, 700, 775 nm (see Fig. 3j),
which are denoted by the “Gsj, = °H; (j = 5/2 - 13/2) transitions of
Sm>*. The observed characteristic emission from the Pr>*-doped BeO
ceramics was at ~600 nm in Fig. 3k, and corresponds to the D, —
3H, transition of Pr3*. Three RL emission bands located at 475, 570,
and 660 nm in Dy-doped BeO samples were observed that they
originate from the “Fg, — ®H; (j = 15/2 - 11/2) transitions of Dy**
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Fig. 4. TL glow curve of undoped BeO: (a) TL signals in linear scale, (b) Deconvoluted TL signals in semi-log scale.

(see Fig. 31). As a result, peaks corresponding to the characteristic
transitions of trivalent lanthanide ions showed that each Ln®* ion
plays a role as a luminescence center in the BeO structure.
Another important revealing of RL emissions obtained with lan-
thanide doping in the BeO structure is a diminution of the lumi-
nescence at wavelengths between 200 and 400 nm when compared
with the RL emission intensity of undoped BeO (see Fig. 3). This
might be caused by the quenching effect of defect-related Ln>*
emissions and the unmatched energy levels relative to the valence
(VB) and conduction bands (CB) of BeO. These effects have been
mentioned in the literature for various oxide nanocrystal hosts [50].

3.3. TL glow curves of undoped and single-doped BeO

The TL glow curve of undoped BeO revealed five peaks at ~180,
~250, ~360, ~495, and ~580°C with a heating rate of 3 °C/s (see
Fig. 4). In Fig. 4a, a highly sensitive TL peak at ~180 °C possessing its
maximum height being ~10> times greater than the peak was ob-
served on the high-temperature side of the glow curve. For a better
illustration of the low sensitive traps, TL glow curves were decon-
voluted and component peaks were given in Fig. 4b. On the other
hand, studies on the TL glow curve of BeO Thermalox 995 chip
showed three main TL peaks at 75, 200, and 340 °C (depending on
the heating rates during TL readouts) [23], although some deep traps
were also found after 340 °C [51]. In this work, the observed five
peaks are suggested to be consistent with the TL glow curve shapes
obtained in the undoped and doped BeO ceramic materials specified
in our previous studies [12,13,31].

To investigate the effect of lanthanide doping on TL glow curves
of BeO ceramics, TL readouts were carried out by heating the sam-
ples exposed to 0.5 Gy beta dose up to 650 °C with a heating rate of
3 °C/s without any preheating procedure. Fig. 5 shows the TL glow
curves of BeO ceramics singly doped with lanthanides at 1 mol%
dopant concentration, namely, BeO:Eu;y, BeO:Ce;y, BeO:Nds,
BeO:Ybqy, BeO:Eryyx, BeO:Gd;y, BeO:Tbqy, BeO:Tm;y BeO:Smiy,
BeO:Pryy, and BeO:Dy;4. As can be seen in Fig. 5, all measured TL
curves possess the four of five characteristic peaks of undoped BeO
at ~180, ~360, ~495, and ~580 °C in varying intensities. A low sen-
sitivity shallow peak at 60 °C was recorded in the Nd3*, Yb*" and
Tm>"doped BeO samples. While all Ln®>* dopants activated the traps
located between 300 and 400 °C, Yb>*, Tb**, Tm>*, and Pr** doped
BeO affected the traps in the neighborhood of 180 °C TL peak. The
high-temperature portion of the glow curve exhausted at 495 and

580 °C, and improved only via Ce** and Gd*>* dopant ions. In addi-
tion, a shoulder peak appearing around 250°C in undoped BeO
sample was not observed with the Ln>* ions doping (see Fig. 5). In
certain cases, lanthanide doping has created TL peaks at higher
temperatures (see Fig. 5). These newly observed TL peak formations
may be related to the distortion in the BeO lattice produced by the
Ln3" ions that substitute for the Be?* ions and originated from other
intrinsic defects. Results indicate that Ln>" ions act as luminescence
centers during the TL process, as observed by their RL emissions.

The effect of the lanthanide concentrations on the glow curves of
these ceramic samples was also investigated using 0.01%, and 0.1%
molar ratios to optimize the luminescence efficiency. As the con-
centration of Ln" ions was decreased, the main peak intensity, to-
gether with the low and higher temperature peaks were increased.
In this study, Ce** with 0.01% mol concentration was chosen as a
promising dopant for BeO host matrix. Herein, it was shown that not
only its high-temperature peaks but also the peaks below 250 °C
were activated by Ce>* ions.

3.4. OSL decay curves of undoped and single-doped BeO

The effect of Ln>* doping on the OSL characteristics of undoped
BeO ceramics was examined. All the OSL decay curves were recorded
after 0.5 Gy irradiation at room temperature at a rate of 10 data
points per second using 200 s blue light stimulation. Fig. 6 shows the
OSL decay curves of undoped and single Ln**-doped BeO ceramics
with their decaying components. As can be seen from Fig. 6, lan-
thanide dopings significantly affect the OSL behaviors (shapes and
intensities of the OSL curves) when compared to that of the undoped
BeO ceramics. The general appearance of OSL signals showed that all
undoped and single Ln3*-doped BeO ceramics have two time-
decaying components (fast and slow).

The analyzes of the OSL decay curves were examined via a
method by fitting to the combination of the time-decaying functions
which is one of the most common methods using the general order
kinetic approach [11,12,20,52]. The used fitting equation for the
analyzes can be written as:

y = background (bkg) + 1t ( fast)component + 2™ (slow)component

_h by
I(t) = bkg+l1[1 + (b1 - 1)%] bt +Iz[1 + (by - 1)%] L
1 2

(1
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Fig. 5. The TL glow curves from BeO:Ln;y ceramic samples, a) BeO:Eu;¢, b) BeO:Ce;, c) BeO:Nd;¢, d) BeO:Yb,, e) BeO:Er¢, f) BeO:Gd, g) BeO:Tbyy, h) BeO:Tm,, i) BeO:Smyy, j)

BeO:Pryy, and k) BeO:Dy;.

where tand 2™ are the general-order (1 < b < 2) time decaying
components representing the fast and the slow decaying parts of the
OSL signals, respectively. t is the stimulation time; I(t) is the in-
tensity of the OSL signals as a function of time; bkg is the back-
ground signal of the OSL reader. I; 5, 52 and by, are the amplitudes,
lifetimes, and kinetic orders of the separate components, respec-
tively. I 5, 52 and by, values were calculated using Eq. (1) and given
with the FOM values (goodness of the fitting) in Table 3.

First order-kinetic assumes that the rate of retrapping of charge
that has been released from a trap is negligible compared to the rate

of recombination [53]. In second-order Kkinetics, re-trapping is
dominant [54]. The situation in which both situations are mixed is
defined as general-order kinetics [55]. In this work, we examined the
b values, which represent the transition probabilities between the
traps, of the 1st (fast) and 2nd (slow) components of the OSL decay
curves. As is seen from Table 3, the b values of the 1st components
resembled the general-order kinetics with the values between 1.19
and 1.68 except for the BeO:Tbg g1 Which exhibited second-order
kinetic characteristics with b =2.05. With the b values of 2.05, 2nd
(slow) decaying components exhibited the second-order Kkinetic
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characteristics (b =2) except for BeO:Eug o015 and BeO:Tmyg g1% Which
demonstrated general-order characteristics (1 < b < 2). Only the
2nd components of OSL signals from the BeO:Smggy ceramics
showed first-order kinetic behavior (b = 1.05).

When we worked over the lifetimes of the decay components, no
serious differences were found in the 7 lifetime values of the 1st
(fast)-decaying components of OSL signals. Whereas z lifetimes of
the 2nd (slow) decaying components gave the changing values.

In our previous works, comparable OSL decay curves, and fitting
parameters were found for the undoped and doped BeO ceramics
[11,13,31]. In this work, the OSL decay curves of the studied materials

were represented as the resultant of the two decaying curves. The
number of time-decaying functions was reported as three for Ther-
malox BeO chips [23]. The results proved the existence of different
types of defect centers and a more complex luminescence me-
chanism in the studied BeO materials. Therefore, these various types
of defects in the BeO lattice structure cause a complex charge-carrier
interaction between centers and localized bands. The TL and OSL
mechanisms of the crystal can only be determined by the physical
properties of the defect centers involved in (Ln>* ions) and the ki-
netics associated with transition charge carriers. It should be re-
membered that this curve fitting is only an oversimplified
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Table 3

71,2 decay times, by kinetic orders and FOM values of the OSL decay fittings using two time-decaying functions for undoped and single lanthanide-doped BeO ceramics.
No. 15t (fast) component 2nd(slow) component

I; (count) 71 (5) bi(a. u.) I (count) 72 (S) by(a. u.) bkg (count) FOM (%)

Undoped BeO 1.38E+05 773 1.36 7.94E+04 3742 2.05 2.38E+03 0.55
BeO:Eug 15 1.01E+05 4.48 119 1.21E+05 12.46 174 5.45E+03 1.21
BeO:Ceg,015% 1.96E+05 7.62 1.54 5.87E+03 178.54 2.05 3.33E+03 0.79
BeO:Ndy,015% 2.01E+05 8.30 1.50 7.99E+04 38.99 2.05 1.65E+03 0.51
BeO:Yb 15 1.25E+05 7.02 1.60 1.30E+04 162.67 2.05 1.71E+03 0.73
BeO:Erg.015% 1.86E+05 10.68 1.68 4.06E+04 52.77 2.05 1.50E+03 0.54
Be0:Gdo o1 8.23E+04 9.70 1.54 2.79E+04 48.88 2.05 9.05E+02 0.74
BeO:Tby,015 1.51E+05 14.49 2.05 1.62E+04 68.91 2.05 1.07E+03 0.66
BeO:Tmg.o1% 2.04E+05 6.89 1.59 9.10E+03 263.66 1.26 6.76E+03 0.60
Be0:Smy o1 2.12E+05 8.33 1.65 5.84E+03 191.09 1.05 5.62E+03 0.65
BeO:Pro 1% 1.94E+05 9.39 1.61 5.21E+04 45.42 2.05 1.57E+03 0.61
BeO:Dyo.015% 1.67E+05 7.70 1.37 9.44E+04 37.24 2.05 1.86E+03 0.53

approximation of the actual situation. To learn more about the traps
and transitions involved in OSL development, studies focused on the
numerical solutions of the charge trafficking equations are required.

3.5. Effect of lanthanide co-doping in the luminescence of BeO:CeZly:x

According to the data obtained from single-lanthanide doped
samples, the effect of another lanthanide co-doping on lumines-
cence from the BeO:Ln>* ceramic pellets was investigated. Although
good progress has been observed in Ln>* ion co-doped ceramic BeO,
a comprehensive and full understanding of the TL and OSL me-
chanism originated from Ln>* ions is still a major challenge. In this
study, Ln>* (Eu*, Nd>*, Yb*", Er*, Gd3*, Tb**, Tm3*, Sm>*, Pr*>* or Dy>*
as the co-dopants) effects on Ce3* ions in host crystal were in-
vestigated. Although Eu®* co-doped BeO:Ce>* sample shows a rela-
tively higher TL signal compared to the other samples (data not
shown) (will be discussed later), only the results from some pro-
mising samples are presented here. Fig. 7. shows TL intensities from
the BeO singly doped with Ce**, Er®*, Tb®*, Dy**, and BeO:Ce>" Er?*,
Be0:Ce>", Th3*, BeO:Ce®*,Dy>" ceramics in linear and semi-log scale.

As is seen from Fig. 7, although TL glow curves BeO:Tb and
BeO:Dy did not show the 350 °C TL peak, the TL glow curves from the
BeO:Ce,Tb, and BeO:Ce,Dy samples showed this peak. It may be
suggested that Ce®" jons in BeO characterize the emission of the
350°C TL peak. Furthermore, the TL glow curve shape of the
BeO:Ce,Er possessed the same TL peaks of BeO:Er and BeO:Ce
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samples with changing intensities. One may conclude that the
co-doped samples, in general, exhibited lower intensities than
single-doped BeO samples (see Fig. 7). Similar to the decrease in TL
intensities of the co-doped samples (Ce*, Ln>*), OSL efficiencies of
them also behaved in the same decreasing tendency (data not
shown). This may be originated from the decrease in the Ce*
luminescence efficiency with temperature (i.e., thermal quenching)
associated with the increase in possible non-radiative relaxation of
the Ce®* from the excited to the ground state [56]. The presence of a
charge compensator in the lattice that would promote Ce3*
incorporation and cause emission appearing in the UV luminescence
band can solve this quenching problem [9].

3.6. Effect of metal co-doping in the luminescence of BeO:Ceg g1 Lng 1%

We also added the alkali metal ions to promote the luminescence
sensitivity of the host material by creating more defects. In the lit-
erature, it has been shown that the Na* co-doping can significantly
improve the luminescence efficiency by acting as a probable charge
compensator and increasing incorporation of the lanthanide dopants
[12,13,57]. In one of our previous studies, the optimal concentration
value for Na* co-doping element, which significantly increased the
luminescence emission, was found to be 5 mol% [13]. For this reason,
a passive admixture (e.g., Na* co-doping) was applied and Na*
content was kept constant at 5 mol% in this study.
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Fig. 7. TL glow curves of BeO ceramic pellets singly doped with Ce®*, Er>*, Tb**, Dy** and co-doped with Ln?* (Ln** = Er**, Tb**, and Dy?*); (a) in linear scale (b) in semi-log scale for

better presentation of the high temperature peaks.
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To investigate the effect of Na* co-doping on TL and OSL beha-
viors of BeO:Ceg g14,LNg.01% ceramic pellets (Ln3* = Eu?*, Nd**, Yb**,
Er¥*, Gd**, Tb®*, Tm3*, Sm®", Pr>* or Dy**), TL glow curves, and OSL
signals were obtained from the produced samples following 0.5 Gy
dose exposure. Some of the TL and OSL curves from the promising
samples, namely, BeO:Nasy,Ceg 01%,Ergo1% BeO:Nasy,Ceg.o1%Tho.o1%
BeO:Nasy,Cep01%DYo.01% and BeO:Nasy were presented in Fig. 8 and
Fig. 9, respectively. As can be seen from these figures, TL and OSL
signal intensities were significantly increased by Na* co-doping and
even single Na* doping. While no change occurred in the positions of
the TL peaks, especially in the TL glow curves given in Fig. 8a, the
intensities of the peaks located after 300 °C increased by two-factors
when compared to that of the undoped BeO samples. Although
single Na* doping increased the characteristic TL signals, no change
in the shape of TL glow curves was observed. These results proved
that Na* ion as a charge compensator in the lattice would promote
Ce** incorporation and cause emission appearing in the UV lumi-
nescence band (will be discussed in Discussion). This causes an in-
crease in luminescence efficiency. On the other hand, it can be said
that OSL signals reach the background level (approximately 10°
counts level) at longer stimulation times as compared with the OSL
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Fig. 9. OSL decay curves of undoped BeO ceramic pellets, BeO doped with Ce3*
(0.01 mol%) and Er®*, Tb**, Dy>* (0.01 mol%), and co-doped with Na* (5 mol%).

10

behavior of undoped sample, thus, in our measurements, an increase
in lifetimes was observed for the BeO:Nasy,Ceg.01%LNg 013 ceramic
pellets (see Fig. 9). The relative total integrated TL and OSL in-
tensities (the sum of the data from 0 up to 200 s) against the dopant
elements were also examined. After Na* co-doping there exists a 2-
fold increase in both OSL and TL signal intensities (see Fig. Al in
Appendix A).

Besides Na*, other well-known alkali metals Li* and K' in
the literature were also tested along with the lanthanides as
co-dopants in this study. TL and OSL signals of Li- and K-
co—doped samples (BeO:LiS%,CEO.m%,Ero_m%, BeO:Lis%,Ceo_oos%,Tb0_05%,
BeO:Lisy,Cep01%DYo.01% BeO:Ksy,Ceoo1%Ero0% BeO:KsyCeooos%Tho.os%
and BeO:Ksy,Ceg01%,Dyo.01% ceramic pellets) are presented in Fig. A2 of
Appendix A Supplementary Data. The results showed that Na* ions
provided higher TL and OSL signals than Li* and K* ions. For this reason,
Na* ion was chosen as a better charge compensator in BeO structure
and the study was continued with Na* ion.

3.7. Concentration quenching study

To investigate the effect of dopant concentration quenching on TL
and OSL intensities of Ln*>*-doped BeO ceramics and to determine
the optimal concentration for achieving highest luminescent sensi-
tivity, TL and OSL readouts of BeO with various NasyCexy,Ergs;
Nasgy,Ceys Thyy, and Nasy,Ceyxs,Dyyy concentrations (x =0.001, 0.005,
0.01, 0.05, 0.1 mol%) were performed after 0.5 Gy beta dose exposure.
Fig. 10 shows the change in TL and OSL intensities of BeO:-
Nas%,CEO_m%,ErX%, BEO:NHS%,CC()ﬂ]%,TbX%, and BEOZN35%,C60_01%,DyX%
ceramic pellets produced at concentrations given above. First, the
Er¥*, Tb** and Dy?* concentrations were changed by keeping the
concentrations of Na* and Ce3* jons constant as 5 mol% and 0.01 mol
%, respectively. With varying dopant concentrations, TL and OSL
intensities showed similar concentration quenching behavior (see
Fig. 10a and b). While the optimal Tb concentration value for BeO:-
Nasy,Ceg.01% Thxxsample was determined to be as 0.05 mol%, and the
highest TL and OSL intensities were obtained at 0.01 mol% Er and Dy
concentrations for BeO:Nasy,Ceg o1%,Erxy, and BeO:Nasg,Cep o1%,Dyxx
samples. On the other hand, with varying Ce*" concentration,
the maximum TL and OSL intensities were obtained from the com-
bined measurements of the BeO:Nasy,Cegoi%Erpo1%; BeO:-
NaS%,CEO'Qos%,Tb0'05% and BeO:NaS%,CEU'Q1%,Dy0_01% ceramic pellets
(see Fig. 11a and b). The TL and OSL intensities have a great depen-
dence on Ln®* dopant concentration. The luminescence increases
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Fig. 10. The changes in normalized integrated (a) TL intensities; (b) OSL intensities of BeO:Nasg,Cep 01%Erxy; BeO:Nasy,Cego1% by, and BeO:Nasy,Cepo1%Dyxx ceramic pellet
samples prepared with various concentrations (x = 0.001, 0.005, 0.01, 0.05, 0.1 mol%) when compared with the TL and OSL intensities of undoped BeO samples in semi-log scale.
The error bars show the experimental standard deviations of mean values from three samples in each readout.

with Ln®* concentration to a certain extent, above this point, the
luminescence begins to decrease, due to parity or aggregation of Ln3*
atoms at a high concentration which leads to efficient resonant en-
ergy transfer between Ln®*/Na* ions and a fraction of energy mi-
gration to distant quenchers, then quenching behavior appears as a
result [58].

In this study, increased luminescence efficiency in desired emission
regions and controlled luminescence signals obtained with lanthanide
doping on purpose are important for the dosimetric potential of the
materials. The minimum detectable dose values were calculated to test
the advantage of the three newly developed dosimetric materials over
the undoped BeO. MDD values were evaluated by 3c with 99.73%
confidence level as 1.2 = 0.3 mGy, 721 + 17 pGy, 271 = 5 uGy, 554 + 10
pGy for undoped BeO, BeolNas%,ceoloos%,Tbologs%, BeO:Nasy,Ceqo12%Eroo01%
and BeO:Nasg,Ceg 1%, DYo.01% ceramic pellets, respectively.

On the other hand, to test whether the charge population in traps
is stable or not, after 0.5Gy beta doses fading characteristics of
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newly developed BeO ceramics were investigated in three days.
It was observed that almost 94% of the OSL signals remained
stable after 3 days. We found the fading of around 87%
when the undoped BeO was read out at about 3 days after irradia-
tion. This behavior is of course extremely important in the
practical use of these materials for dosimetric applications. These
results suggest that the OSL and TL intensities of three newly devel-
Oped BeO pelletS (Beo:Na5%,CEO_01%,El'o'm%; Beo:Na5%,CEO_005%,Tb0'05%
and BeO:Nasy,Ceg01%,DYo.01%) are found to be highly sensitive to ra-
diation with superior dosimetric properties.

4. Discussion

The luminescence mechanism of Ln®* ions is known depending
on their location in the host lattice. If the Ln>" ions have similar
chemical properties with host materials, such as the same oxidation
state and similar ionic radius, it is easy to include Ln>" ions in the

(b)
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Fig. 11. The changes in normalized integrated (a) TL intensities; (b) OSL intensities of BeO:Nasy,Cexy,Ergo1%; BeO:Nasy,Cexy, Tbogsy, and BeO:Nasy,Cexy,Dyoo1% ceramic pellet
samples prepared with different concentrations (x = 0.001, 0.005, 0.01, 0.05, 0.1 mol%) when compared with the TL and OSL intensities of undoped BeO samples in semi-log scale.
The error bars show the experimental standard deviations of mean values from three samples in each readout.
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host lattice in place of host metal ions. Here, due to the remarkable
differences between the ionic radius of Ln>" and Be?*, it would create
some local distortion that may stabilize holes from the valance band
[59]. In such a case, it can be expected that even a small distortion
may lead to an increase or decrease in luminescence efficiency. To
determine the effect of Ln3* on the BeO lattice and how the lumi-
nescence mechanism exists, the results for single-doped, co-doped,
and metal-doped BeO ceramics presented here must be discussed
from the spectroscopic properties of underlying Ln3* ions.

Fig. 12. shows the OSL emission spectra of Ln**-doped BeO
ceramics following the 300Gy beta dose through a transmission
range of the Hoya U-340 filter which used in the Ris@ reader. As is
seen from the figure that the main OSL emission bands are located
between ~300 and ~360nm; the first being the dominant band.
These results showed that the dominant luminescence bands in RL
and OSL processes might be different. However, luminescence bands
located between 300 and 400 nm (i.e., 3-4 eV) are dependent on the
same luminescence mechanism in both cases which have been ob-
servable using U-340 filter. When the OSL emissions of single Ln>*-
doped BeO samples were compared with the emission obtained
from the undoped sample, it was observed that some single Ln3*ions
shifted the dominant luminescence band towards higher wave-
lengths in the BeO structure (see Fig. 12a). Moreover, only an in-
crease in the emissions of Ce3*, Er*, Tb*, Gd>*, Pr** and Dy>* doped
samples was observed. With the Ln>* co-doping, a reduction in OSL
emission was observed here as well, while an increase in emissions
after 360 nm was observed (see Fig. 12b). With the addition of Na*
ion to the structure, OSL emissions have increased significantly re-
corded through the Hoya U-340 filter.

When we examined the results of TL and OSL obtained from
single Ln>* doped BeO samples more closely, a decrease in lumi-
nescence efficiency was observed with increasing Ln>* concentra-
tion, similar to RL emissions. Concentration quenching, which can be
regarded as a non-radiative process, is one of the main things to
avoid when optimizing additive concentration. The decrease in lu-
minescence, which was observed as a result of the increasing Ln>*
concentration in the structures with rich energy levels (general ac-
tivators such as Tb3*, Er®*, Tm?*, Pr**), is the concentration-depen-
dent cross-relaxation (CR) affecting the non-radiative transition
population of stimulated Ln>* ions [33].

Fig. 5 shows that the Ce>* ion increases the luminescence sen-
sitivity of the BeO host material by affecting the trap region corre-
sponding to the TL peaks responsible for the OSL signals. Besides, the
fact that the Ce>* ion is a good sensitizer that can transfer energy to
the activators around in a possible situation has encouraged us to
obtain a BeO:Ce®*" based "host +sensitizer + activator" type lumi-
nescent material. Energy transfer for ions plays an important role in
luminescent materials. Energy transfer from the sensitizer to the
activator can be achieved by the spectral overlap of the emission
spectrum of the sensitizer ion and the absorption spectrum of the
activator ion [60]. The reason why the Eu* co-doped BeO:Ce**
sample shows a relatively higher TL signal compared to the other
samples is the existence of a wide emission band of Ce>* ion, ap-
proximately at 330-420 nm related with the transition from 5d level
to 2Fsj; = 2Fyp levels and its overlapping with the absorption band
of Eu®* jon represented by the transition from ’Fy = °Lg [60]. In this
study, the Er>* co-doped BeO:Ce®" sample showed the highest OSL
signals. It was concluded that a passive admixture (charge com-
pensator) ion such as Na* is needed to facilitate energy transfer
between Ln>* ions in the "host (BeO)+ sensitizer (Ce>*)+activator
(such as Th*, Tm3*, Dy3*, Nd>")" type samples, that is, to increase the
UC quantum yield and consequently to improve luminescence.

Apparently, Na* plays several roles, including charge compensa-
tion and possibly lattice stress relief on Ln>* doped BeO. It was ob-
served in Fig. 8 that TL and OSL efficiencies obtained from the BeO:
Ce*".Ln>" samples increased almost 2 times after Na* co-doping.
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Fig. 12. OSL emission spectra of previously irradiated BeO ceramics with 300 Gy beta
dose and using 475 nm excitation; (a) for the single Ln**-doped BeO; (b) for the Ln**
doped and co-doped BeO, (c) after adding the alkali metal ions Na* as co-dopants to
BeO host oxides. The excitation monochromator was 475nm, and the emission
spectra were scanned from 240 to 420 nm in 3 nm increments using 0.1 s integration
time. The excitation time was 60 s. All the OSL emission spectra presented here were
previously corrected by the spectral response of the system.

Herein, the reason for the remarkable increase in luminescence
might be due to Na* ions acting as a charge compensator and causing
an increase in UC quantum yield and consequently an energy
transfer between the emission centers introduced by Na* and the
Ln>" dopants. The energy transfer mentioned here, most probably
takes place effectively if the condition of energy resonance and
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Fig. 13. Proposed TL/OSL mechanism: (a) During irradiation, charge carriers (electron and holes) are created, and trapped by electron-traps and hole-traps (Ce3*, Pr**, Th®"), (Ln

3+

+h*= Ln*"). (b) During TL/OSL readout (thermal or optical stimulation), electrons are released from trapping centers (Sm>*, Eu®*, Yb**, Dy**, Er**) and recombine with Ln** ions
(Ce**, Pr**, Tb*"), converting them to Ln>* in an excited state. Luminescence occurs with the relaxation of these compounds. Electrons and holes are represented by solid and open

circles, respectively.

spatial proximity between the involved centers are satisfied. This
will be met due to a high Na* concentration in the structure [61]. As
is seen in Fig. 12¢, the broadening UV emission bands mean that they
likely match the resonance condition for most of the sensitizers
(here specifically Ce>*) or other activators, Ln>* (here specifically
Er®*, Tb®*, Dy*"). On the other hand, regarding the role of Na* dopant
in BeO, it is clear to say that a negative effective charge defect (Nag.)"
occurs with the Na* substitution for Be**. This negative charge defect
may compensate for the positive effective charge defect (Lnge)" oc-
curring with the Ln®* substituting for Be?*. As a hypothesis, the as-
sumption that the ideal substitution of Na* for Be** needs evidence.
One can expect, e.g., an interstitial charge-neutralized by OH-. Ne-
gative charge (Nag.)™ defects may compensate for the incorporation
of positive effective charge in an intrinsic defect of BeO crystal
[10,13,62]. As a result of XRD analyzes, a decrease in oxygen va-
cancies which are capable of improving luminescence in the struc-
ture was observed with Ln>* doping. The (Nag.)" defects obtained by
Na* co-doping, just like oxygen vacancies, cause crystal field dis-
tortion and might act as compensators for the energy transfer from
host to Ln®* ion due to the strong mixing of charge transfer states
and enhances the luminescence intensity [58,63]. In this work,
considering this compensation effect, differences in ionic radius and
changes in crystal field energy can be considered to cause a sig-
nificant increase in luminescence signals. The roles of Na* as a do-
pant contributing to the enhancement of Iuminescence and
improving dosimetric characteristics of BeO ceramic pellets were
presented elsewhere in the literature [12,13,57,64].

Considering both TL and OSL signals presented in Fig. 8, the most
sensitive examples were selected as BeO:Na,Ce,Er; BeO:Na,Ce,Tb,
and BeO:Na,Ce,Dy. Optimizing the concentration of optically active
ions is potentially the easiest way to improve the UC quantum yield.
Therefore, in this study, the concentrations of Ln>* ions contained in
"host + sensitizer + activator” type of final products were optimized
as the BeO:Nasy,Ceg.01%Er0.01% BeO:Nasy,Ceg.oos% o052 and BeO:-
Nasy,Ceg.01%DVo.01% The source of the enhanced luminescence ob-
tained here, besides the concentration optimization, can be the
strong energy transfer between Ln>* ions. The energy transfer pro-
cess simply begins by getting excite the electrons located at *Fs,
ground state of Ce3* ions to the 5d excited level. While some elec-
trons return to the ground states of Ce3* ions by exhibiting UV-blue
emissions, some electrons transfer to the acceptor levels e.g., °Dy
excited state of Tb>* ions and higher energy levels of Dy>* ions. As a
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result of the return of electrons to the ground state energy levels of
activator ions, characteristic visible region emissions (blue light and
yellow light emissions of Dy>* ions, green emissions of Er>*, and Tb**
ions) of activator ions may be observed. A more detailed energy
transfer mechanism in Ln>* ions was discussed in the literature [60].

Of course, a TL/OSL model is still required to represent the ex-
isting complex luminescence process. It is clear to say that trivalent
lanthanides in BeO lattice should establish energy levels in the for-
bidden band and show themselves actively in recombination pro-
cesses. The Ln®* can act as electron traps or hole traps, depending on
their location concerning the delocalized energy bands and the
Fermi level. In this study, the luminescence process simply begins by
creating charge carriers as a result of irradiating the crystal as illu-
strated in Fig. 13. The electrons and holes move freely inside the
crystal and are trapped at defects. Considering the general theory of
defects [65], and the behavior of the trivalent lanthanide impurities
(Ln®*) in various types of phosphors (e.g. YPO, and CaF, [59,66]), in
our samples, Ce>*, Pr>*, and Th>* may act as hole traps and become
quadrivalent ions (Ce**, Pr**, Tb*") during irradiation. With heat or
light stimulation, trapped electrons are escaped from the electron
traps (Sm>*, Eu®*, Yb3*, Dy3*, Er®*). As a result of the recombination
of these released electrons with Ln*" ions, Ln>* ions occur in excited
states. After the relaxation of Ln3* ions, they decay to the ground
states, and simultaneous emission of the photons i.e. luminescence
is observed (see Fig. 13). More detailed studies on the role of lan-
thanides in BeO ceramic pellets such as temperature dependence of
RL signals and TL emissions are necessary to confirm the proposed
luminescence mechanism.

5. Conclusion

In this work, the successful incorporation of Ln®>* and Na* alkali
ions into the lattice of BeO ceramic was achieved using the con-
ventional co-precipitation method. It was investigated that co-
doping of BeO with impurities such as Ln3* ions abovementioned is
an effective way to enhance luminescence efficiency. In our experi-
ments, the incorporated impurity Ce*" served as a sensitizer. Besides
Ce®* ions, other impurities like Er>*, Tb3*, and Dy>*ions participated
in energy transfer within the matrix. We revealed a luminescence
mechanism based on beryllium sublattice-mediated energy migra-
tion, which facilitates efficient upconversion emissions from a series
of Ln®* ions (Er**, Tb®* and Dy**) without intermediary energy levels.
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Contrary to Ln®" ions, alkali ions, intentionally incorporated into Ln>*
doped BeO did not directly participate in the optical process (e.g.,
energy transfer) within the hosts, but were capable of enhancing
upconversion efficiency as well. OSL emission intensities of the
Be0:Ce>"Ln3* (Ln= Er**, Tb>* and Dy>") co-doped with 5% mol Na'*
ions were enhanced by about 2 times. Such improvement could be
attributed to charge compensation with Na* ions because the (Nag.)
defects locating around the Ln®* ions cause the strong mixing of
charge-transfer states.

We investigated the luminescence characteristics of the Ln* and
Na* doped BeO ceramic pellets using RL, TL, and OSL techniques. The
XRD patterns and Raman spectra showed that Ln®>* ions were in-
corporated into the BeO lattice and might be suggested as sub-
stituting for Be®" lattice sites rather than locating in interstitial
positions. All the Ln** doped BeO ceramic samples exhibited their
typical RL emissions along with the characteristic RL emission of BeO
ranging between 200 and 450 nm. With increasing Ln®>" concentra-
tion, there was a significant decrease in TL and OSL signals due to
parity or aggregation of Ln* atoms at high concentrations. The lu-
minescence mechanism model in BeO is complex. It can be sug-
gested that the recombination process in BeO might be improved by
adding suitable Ln3* dopants. In this work, a model was also pro-
posed to explain the basic luminescence properties of Ln** doped
BeO ceramics.

These results strongly suggest that the newly developed three
ceramic pellets BeO:Nasy,Ceg 01%,Er0.01%: Beo:Nas%,ceo_oos%,TbO.os%
and BeO:Nasy,Cego1%DYo.01% performed the high OSL and TL in-
tensities. In the future, the aforementioned ceramics with these
outstanding Ln®>" and Na* dopants will be tested and involved in
several comparison studies with the commercial dosimeters.
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