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ABSTRACT

This work presents a fresh insight into the excited charges trapping in the Lu,O3:Tb,M (M= Ti, Hf) ce-
ramics and their characteristics as storage and/or persistent luminescence phosphors. The results were
obtained by applying an exceedingly versatile set of experiments based on thermoluminescence and
thermoluminescence excitation spectroscopy and exposed a dual-nature of these materials. In the con-
trary to the previous research, here we found that at least some of these materials can generate efficient
persistent luminescence due to the presence of shallow traps which can be charged only upon specific
irradiation conditions — by the spin-forbidden 4f—5d transition of Tb** around 360 nm and, possibly,
the 7Fs—°Dj3 intra-configurational transition of the activator at just slightly longer wavelengths. Besides
that, changing the sample charging temperature the efficiency of filling the traps - both deep and shal-
low - with the 360 nm radiation varied greatly and exposed a very broad distribution of trap energies.
Charging with 360 nm radiation at room temperature fills only the shallow traps giving, never reported
in Luy;O3:Th,Ti and Lu,03:Tb,Hf, intense persistent luminescence, while at higher temperatures the deep
traps are filled. At any temperature, radiation of wavelengths < 320 nm fills almost exclusively deep traps

responsible for TL at high temperatures, 230 °C in Lu,03:Tb,Hf and 355 °C in Lu,03:Tb,Ti.
© 2022 The Author(s). Published by Elsevier Ltd on behalf of Acta Materialia Inc.
This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/)

1. Introduction

In the research on persistent luminescence and/or storage (ther-
moluminescence) phosphors some standard experiments are typ-
ically used to expose their main characteristics. These include
studying TL glow curves after irradiation with high-energy pho-
tons (typically y -, X- or UV-rays), fading of the TL signal, the effect
of heating rate and radiation dose, and isothermal decays. Studies
on evolution of charging curves [1], trap distribution [2-5], ther-
mal ionization barrier by optical methods [6] are also exploited but
are less-common in such research. They bring, however, important
information and lead to better understanding of such phosphors’
properties and mechanisms related to excited carriers trapping and
detrapping - the core of the thermoluminescence process.

One of the least exploited research methods in this field are
measurements of thermoluminescence excitation spectra (TLES).
These were, however, shown to provide critical information on de-
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tails of the TL mechanism in a material of interest [7]. This is a
versatile, advanced technique revealing the dependence of excited
carriers’ behavior on the energy they acquire upon charging. Com-
paring TLES spectra with the steady state photoluminescence ex-
citation ones greatly enriches knowledge and understanding of the
physics of the TL process and consequently the material properties.
One can find nice examples of TLES usage in studies of M,SisNg:Eu
(M=Ca, Sr, Ba) persistent luminescence phosphor conducted by
Smet et al. [8]. This method was also shown useful to establish the
location of energy levels of Ce3t in YAG:Ce3t,Yb3+ published by
You et al. [9] and Ueda et al. [10] found the TLES spectroscopy very
profitable to comprehend the mechanism of luminescence thermal
quenching in singly doped YAG:Ce3*. The method is time consum-
ing and therefore it is so rarely used, despite its great usefulness.
Till now the thermoluminescence characteristics of the
Lu,03:Tb,M (M=Hf, Ti) co-doped storage phosphors were pre-
sented either after exposure to short-wavelength UV radiation
(250-320 nm), or regular ionizing radiation, X- or B-rays [11-14].
It was shown among others that the Hf or Ti co-dopants greatly
enhanced the materials energy storage capacity in comparison
to their singly doped Lu,03:Tb counterpart. The TL glow curves

1359-6454/© 2022 The Author(s). Published by Elsevier Ltd on behalf of Acta Materialia Inc. This is an open access article under the CC BY license
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of the two compositions were characterized by a well-separated
single TL peak at ~230 °C (Tb, Hf), or ~355 °C (Tb, Ti). The rela-
tively deep traps giving rise to the TL of these materials combined
with linear dose-response dependence over a very broad range,
reaching seven-orders of magnitude make them important and
interesting storage phosphors deserving still deeper understanding
of their properties.

Though quite thorough, the thermoluminescent experiments
presented in previous papers have not allowed for an unambigu-
ously elucidation of the TL mechanism in the Lu,Os5:Tb,Hf or
Lu,03:Tb,Ti phosphors. Some queries have yet been left open and
the present paper intends to fill the gaps. On the other hand, the
numerous data allowed to identify detailed doubts and questions
not yet satisfactorily treated and to seek more sophisticated exper-
imental techniques and methods to acquire complement informa-
tion to grasp new insight on relevant processes occurring in these
phosphors. This paper presents results of such new, advanced ex-
periments. They indeed shed new light on these storage phosphors
and broadens our understanding of their properties. We will show
among others spectacular difference between TL glow curves af-
ter charging into 4f—5d allowed absorption band below ~310 nm
compared to irradiation into the analogous spin-forbidden transi-
tion [15,16] at 360 nm.

2. Experimental
2.1. Sample preparation

Details of materials’ fabrication procedure was described pre-
viously [14]. Briefly, crystalline powders prepared by Pechini
[17] method were cold-pressed and sintered at 1700 °C for 5 h in
vacuum (Tb, Hf) or reducing gas mixture (25%H,/75%N,; Tb, Ti).
The different atmospheres were applied as they were previously
proved to give materials of better performance, though the effect
of the atmosphere did not exceed a factor of 2-3 in TL efficiency.
After preparation, the ceramic pellets were polished before mea-
surements.

2.2. Measurements procedures

All powders were checked for their phase purity with X-ray
diffraction (XRD) technique using a Bruker D8 Advance diffrac-
tometer equipped with a Cu lamp and its Kael = 154433 A ra-
diation. The TL measurements were performed with a Risg TL/OSL
reader model DA-15 and a controller model DA-20 with heating
rate of 5 °C/s. Excitation was executed with UV radiation from a
Xe lamp. The TL excitation spectra (TLES) measurements consisted
of three parts: (1) irradiation of the sample with the desired wave-
length, (2) measurement of the TL glow curve and (3) integration
of the TL glow curve intensity at the desired temperature range.
This sequence was repeated for excitation wavelengths between
225 and 500 nm and the integrated TL, corrected for the differ-
ence in number of incident photons, plotted as a function of the
excitation wavelength. More details can be found in [7]. The series
TL excitation spectra (TLES) measurements for Lu,03:Tb,Ti mate-
rial were recorded also in wide range of sample temperatures dur-
ing irradiation at a certain wavelength. In the given experiment
the sample was cooled down to room temperature after previous
illumination at the charging temperature and then the TL curve
was recorded. Photoluminescence excitation spectra (PLES) were
recorded using FLS 980 spectrofluorometer from Edinburgh Instru-
ments using a 450 W Xenon arc lamp as an excitation source. The
spectra were collected monitoring at 542 nm (Tb(Cs;)) and 480 nm
(Tb(Cy)) luminescence [18].

Acta Materialia 231 (2022) 117852

Persistent luminescence of Lu,03:Tb,Hf and Lu,03:Tb,Ti after
2 min excitation with 360 nm or 270 nm wavelength was detected
using an EMI 9635 QA photomultiplier tube (PMT) over 20 min.

3. Results
3.1. Thermoluminescence excitation spectra

The efficiency of traps filling on charging radiation wavelength
(energy) has been investigated by measuring the TLES for both
compositions. The results are presented in Fig. 1a. Two wavelength
ranges can be distinguished in the spectra. The first structured
band is located in the 250-330 nm range and is composed of two
overlapping components. They correspond to the 4f—5d PL exci-
tation transitions of Tb(C,) (~270 nm) and Tb(Cs;) (~310 nm) as
shown in Fig. 1b presenting PLES of Lu,03:Tb,Hf and reported and
thoroughly analyzed in literature [14]. For the (Tb, Ti) composition
the PLES are very similar to (Tb, Hf) and are not presented.

Charging the co-doped materials with the 250-330 nm radi-
ation leads to a strong TL with maxima dependent on the co-
dopant, as seen in Fig. 1c. The most intense TL of the (Tb, Hf)
ceramic is at 230 °C, while for the (Tb, Ti) it comes at 355 °C.
Note that in both compositions there is also a low-temperature
low-intensity TL peak, somewhere around 90-110 °C. However,
upon such charging (< 330 nm), their relative intensities are quite
low, especially for the (Tb, Ti) co-doped sample. Very similar glow
curves were recorded after charging the ceramics with X- or -
rays, hence when the liberated charge is delocalized [19].

A different situation is observed for single-doped Lu,03:Tb as
seen in Fig. 1c. After charging with UV radiation of wavelengths
shorter than ~330 nm, the maximum of the TL curve is located
around 80 °C. Some very weak satellite TL peaks are spread over a
wide range of higher temperatures. The intensity of the presented
TL curves in Fig. 1c is normalized, thus it is noteworthy that the
absolute TL of the single-doped ceramic is much weaker compared
to the TL of the co-doped materials.

Unexpected differences between the TLES spectra of the co-
doped samples are seen around 360 nm, see Fig. 1a. This feature is
related to the 4f—5d spin-forbidden transition of Th3+ [15]. Only
for the (Tb, Ti) ceramics this TL excitation band intensity is com-
parable with the 4f—5d bands <330 nm representing the allowed
4f—5d transitions. Fig. 1d shows the normalized TL glow curves of
the singly doped (Tb) and both co-doped materials after irradiation
into the 360 nm 4f— 5d spin-forbidden band. Their shapes are now
practically identical with a common maximum at 80 °C. Clearly,
the TL originates from the same type of defect in all compositions.
This implicates that this TL is unrelated to co-dopant ions but
rather associated with an intrinsic defect. Comparing the results
presented in Fig. 1c (charging at 304 nm by means of the allowed
4f—5d transition) and in Fig. 1d (charging at 360 nm through the
spin-forbidden 4f—5d) it is obvious that we have two entirely dif-
ferent (set of) traps and different ways of filling them.

The 360 nm charging radiation does not carry enough energy
to raise the electron all the way up to the host conduction band
at room temperature [20]. Thereby, the shallow traps giving TL at
80 °C have to be filled through a local, tunneling-type process. In
contrary, the 304 nm radiation is expected to raise the electron
close enough to the conduction band to allow it to escape the Th3+
ion. Then, the free electron migrating through the CB over some
distance can fall into the deeper trap(s) responsible for the higher-
temperature TL.

3.2. Persistent luminescence decay

Giving that two of the samples, (Tb, Hf) and (Tb, Ti), exhib-
ited significant, green afterglow after charging with the 360 nm
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Fig. 1. (a) Thermoluminescence excitation spectra of Lu,03:Tb,M (M= Hf, Ti). (b) Photoluminescence excitation spectra of Lu,03:Th,Hf monitored at emission peak wave-
length coming from two different Th3+ site positions in Lu,0s. (c,d) Normalized TL glow curves of Lu;03:Tb and Lu,03:Tb,M (M= Hf, Ti) after excitation with A = 304 nm

(c) and A = 360 nm (d) (heating rate 5 °C [s).

radiation we performed more detailed investigation of this ef-
fect in these materials. The persistent luminescence decay curves
recorded after charging at 360 nm and 270 nm are compared in
Fig. 2a,b. After the latter irradiation the afterglow emission is very
weak and in the (Tb, Ti) material it is almost absent since the con-
stant signal shown is at background level.

In the contrary, after charging at 360 nm both materials show
intense PersL, as expected from their TLs presented in Fig. 1d.
Hence, after such charging, these ceramics become regular green
persistent luminescence phosphors. The PersL decays faster in the
(Tb, Hf) ceramic than in the (Tb, Ti) one. This may result simply
from a higher concentration of the filled traps in the (Tb, Ti) ma-
terial than in the (Tb, Hf) one. This is reasonable considering the
difference in their TLES presented in Fig. 1a. This is the (Tb, Ti)
ceramic which presents the very strong TL excitation band around
360 nm, while in the (Tb, Hf) phosphor this feature is much lesser.
This makes it reasonable to expect that traps filling is much more
effective in Lu,03:Tb,Ti than in LuyO3:Tb,Hf.

The above observations are in line with the glow curves
(Fig. 2¢,d) recorded for both materials after 20 min decay measure-
ments (Fig. 2a,b). It is striking that the (Tb, Ti) glow curve presents
still very intense TL peak at 110 °C implying that its PersL could
still continue for a long time. Note that the peak is well shifted
now to higher temperature compared to what was seen taking
such a measurement right after the charging (see Fig. 1d). This
indicates that the low-temperature TL peak results from at least
two superimposed components. For (Tb, Ti) sample, the TL glow
curve after irradiation at 270 nm contains only less intense peak
at 355 °C after the 20 min delay (Fig. 2c). In the case of the (Tb,
Hf) phosphor after the 20 min delay both TL glow curves show
low-intensity TL around 100 °C. 20 min after the 270 nm charg-
ing of this material a strong component at 270 °C dominates the
TL (Fig. 2d). These data show that especially efficient PersL is ob-
served from the Lu,03:Tb,Ti ceramic when 360 nm charging ra-
diation is employed. This occurs as this phosphor benefits of the

very effective low-temperature traps filling by means of the Th3+
4f—5d spin-forbidden transition, see Fig. 1a.

Fig. 3 shows the inverse of the PersL intensity (I) decay after
the 360 nm irradiation of the (Tb, Ti) and (Tb, Hf) ceramics. For
each sample the I-! vs. time dependence is essentially linear. This
can be explained twofold, resulting either from tunneling [21] or
from distribution of trap energies [22,23]. We will later see that in
the case of the ~100 °C peak both are true.

For a deeper understanding of the trapping mechanism the in-
fluence of the charging temperature on the traps filling was evalu-
ated. Being a time-consuming experiment, it is rarely used in such
research, but it can bring important information on the system un-
der investigation. In this experiment we limited ourselves to just
one composition, Lu,03:Tb,Ti, owing to its highest PersL intensity.

3.3. Temperature dependence of trap filling and thermal activation
energy determination

Increasing the temperature during the sample irradiation with
particular wavelength can bring information about selective filling
of the traps [8], ionization energy (the energy separation between
the excited state of the luminescence center and the bottom of the
host CB [24]), thermal quenching processes [25] as well as trap en-
ergy distribution and thermal barrier for charging [4]. Six different
charging wavelengths have been utilized. Part of them correspond
with the 4f—5d spin-allowed Th3* absorption (270, 287, 304, 316),
360 nm represents the spin forbidden 4f—5d transition and the
332 nm locates exactly between these two. Below three represen-
tative cases (270, 316, and 360 nm irradiation) are discussed (see
Figs. 4a,c and 5 respectively). Based on these results and using
Arrhenius plots (Fig. 4b,d), activation energy of the thermal ion-
ization of the relative 5d excited state of Tb3* for every charging
wavelengths were calculated. In Fig. S1 results for the other charg-
ing wavelengths are presented.
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The glow curves collected for charging at 270 nm are presented
in Fig. 4a. As the charging temperature increases, the intensity of
the main peak at 360 °C also increases altogether by about 20%.
This indicates that trap filling process is thermally activated [3] al-
though the effect of thermal energy is not very potent. Similar re-
sult was observed by Fasoli et al. in Lu,Si;07:Pr3* [6] and in Eu-
doped nitridosilicates studied by Smet et al. [8].

Upon charging with 316 nm a comparable effect is observed
but it is much more profound now (Fig. 4c). The TL intensity in-
creases by a factor of ~3 when the temperature increases from 30
to 255 °C. Clearly, the thermal energy has a huge impact on the
charging efficiency at the 316 nm. An opposite result is seen for
the low-intensity TL peak with maximum at 80-100 °C. With the
increase of the irradiation temperature not only its intensity de-
creases but also its maximum shifts continuously to higher tem-
perature. Both effects indicate the presence of a continuous dis-
tribution of trap depth energies. When higher thermal energy is
available the shallowest traps are immediately bleached and only
the deeper fraction of the distribution continuous to store the car-
riers.

These experiments revealed yet another trapping center giving
TL peak around 250 °C. It overlaps partly with the most intense
TL band at 355 °C. Up to the charging temperature of 155 °C this
trap does not get filled. Only above this temperature its charging
becomes effective. Hence, the trap at 250 °C is also fed by means
of a thermally-activated process. Since it does not trap any carriers
at lower temperatures it is plausible to expect that it gains energy
from the deepest trap giving TL at 355 °C. Such an energy/electrons
exchange may occur when an excited state of the deeper trap
(355 °C) is in resonance with the shallower one (250 °C) as de-
scribed in [26].

The usage of the 360 nm radiation for charging, i.e. exploit-
ing the spin-forbidden 4f—5d transition of Tb3* at different tem-
peratures, leads to tremendous and complex changes in the glow
curves, see Fig. 5. As the charging temperature increases, the max-
imum of the glow curve shifts continuously from 80 °C to 355 °C
indicating a profound effect of thermal activation on the traps fill-
ing. Altogether, three TL components can be easily distinguished
and each of them shows trap depths distribution.

The intensity of the glow dominant peak at 95 °C increases
by about 50% until charging temperature reaches 90 °C. This in-
dicates adequately more carriers trapped in the sample. Upon fur-
ther increase of the irradiation temperature the TL peak contin-
ues shifting towards higher temperatures though the TL intensity
decreases. Intriguingly, when the charging temperatures is higher
than ~140 °C even deep traps responsible for TL peaks in the range
~200-355 °C get filled and contribute to TL. Hence, even the deep-
est traps can be filled using the 360 nm radiation if sufficient ther-
mal energy is accessible to attain synergy of optical photons and
thermal phonons.

For the singly doped Lu,;03:Tb TL glow curves upon charging
at room temperature with 300 and 360 nm radiation are com-
pared in Fig. S4. Their shape is perfectly the same with the main TL
peak around 80 °C. Yet, the TL intensity is greatly larger upon the
360 nm charging. This difference we will address in the Discussion
section.

Based on the presented Arrhenius plots (Figs. 4b,d and S1) ther-
mal activation energy, Eyerm, for the particular charging wave-
length could be calculated. An impressive correlation of the TLES
and Eierm in showed in Fig. 6. Note that the Eyery, is shown
as a negative value i.e. the extra energy needed to release an
electron into the CB after its elevation to a specific 5d level of
Tb3+ ion in the Lu,03 host. The perfect correlation (between red
and blue curves) shows that the energy gap between the ground
state of Th3+ and the bottom of the CB corresponds with ~3.9 eV
(~320 nm).
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4. Discussion

Both the previously published literature and the data pre-
sented in this paper show that the co-dopants, Hf and Ti intro-
duce specific deep traps giving rise to TL at high temperatures,
above 200 °C. The present research proves that these traps may
be filled with high-energy UV radiation of A < 320 nm. How-
ever, efficiency of such charging shows a characteristic tempera-
ture dependence. The temperature effect becomes more profound
when the charging energy increases (the wavelength shortens).
This is understandable on the bases of the Dorenbos VRBE dia-
gram which proves that the A < 320 nm radiation raises elec-
trons to 5d levels close to but still below the host CB. The
thermal energy allows coupling of the excited electron with the
delocalized states of CB. Then, the free carrier finds its deep
trap.

Yet, an extreme case of temperature effect on traps charging
is clearly visible when the irradiation exploits the 4f—5d spin-
forbidden transition at 360 nm (Fig. 5). At room temperature it fills
only shallow traps giving TL at 80 °C. Then, when the temperature
increases, continuously deeper traps get filled and consequently TL
appears at accordingly higher temperatures. Finally, when the ir-
radiation temperature is 210-310 °C the deepest traps are filled
and the TL peaks at ~260-355 °C. This makes the Lu,053:Tb,Ti TL
phosphor a kind of temperature sensor. This would be a brand-
new approach to temperature reading by means of a temperature-
dependent (thermo)luminescence property. Any deeper analysis of
this suggestion is beyond the scope of this paper and will be a
subject of our future research.

Efficient filling of the shallow traps upon charging with 360 nm
radiation at room temperature (or close to it) gives rise to strong
persistent luminescence of Lu,05:Tb,Ti (as well as Lu,O3:Tb,Hf,
which is, however, less potent). The set of the glow curves pre-
sented at Fig. 5 and analysis presented in Figs. S2 and S3 allow to
estimate that the low-temperature TL is associated with the distri-
bution of trap depths about 0.8 eV. Then, the distribution of the
energy of the deepest traps, giving TL around 355 °C, is associated
with trap depths of about 1.87 eV. These data were used to con-
struct the diagram presented in Fig. 7. For clarity the figure does
not contain data for both sites of Tb3*+ in Lu,0;3 (see the Intro-
duction). Their 5d levels are not that much different in energy, see
the excitation spectra on Fig. 1. From Fig. S2b it also appears that
no semi-localized transitions take place in the Lu,053:Tb,Ti ceram-
ics, while in the Lu,05:Pr,Ti such mechanism was evidently proved
[27].

Based on the data presented in the Supplementary Materials
file (Table S1 and Fig. S5) and the Dorenbos’ VRBE model [28-31] a
complete energy level diagram of the Lu,053:Tb,Ti ceramic can be
proposed, see Fig. 7. The position of the ground state of the Tb3+
(~ -6.8 eV) is found using the Dorenbos approach but is also con-
firmed by results presented in Fig. 6. Its location implies that Th3+
can act as a deep hole trap and this agrees with previous studies
[12].

The scheme in Fig. 7 shows that the energy of the shallow
trap(s) matches perfectly the energy position of the 5d (spin-
forbidden - 360 nm) level of Tb3*. Tunneling requires overlapping
of the donor and acceptor’s wavefunctions of the levels of inter-
est. Then, supposedly, it is more probable between the 5d level
of Tb3+ around 360 nm and the shallow trap state than between
the (screened) 4f levels of Tb3+ and the trap. Yet, some contribu-
tion to the tunneling also from the 4f °D5 levels of Tb3* cannot
be discarded and in fact is quite probable. As seen in Figs. 1b and
7, energetically the Stark levels of the 5D5 state are quite suitably
positioned for the discussed tunneling. Hence, both the °D3 levels
of Tb3* and its 5d forbidden level are expected to be engaged in
filling the shallow traps or receiving energy from them. At higher



D. Kulesza, AJJ. Bos and E. Zych Acta Materialia 231 (2022) 117852

10
8,0x10° - |
B L) ° _ -50
. 6 _ —~~
B 6,0x10 | %
5 . - S
8 ' i
1 4.0x10° - {100 E
= y =
] - L
2,0x10° '
+ -150
010 L I & & L 2 I * L ¥ L) I 5 L L = I ¥ ) L %
250 300 350 400 450
Wavelenght (nm)

Fig. 6. TL excitation spectrum of Lu,03:Tb,Ti together with the thermal activation energy derived from the Arrhenius plots depicted as a function of the excitation wave-
length.

)
x |
||r|'|‘|
(@)]
wU
53
o0
2
-2

— R
= EIE[ [ P
S _5_ Of «— E

LLJ QO =] 5=

o D IM|N

o ] N U_‘) LO

> L]l

VB

Fig. 7. Vacuum-referred binding energy (VRBE) diagram of Lu,05:Tb,Ti showing the energies of the 4f ground state of Tb* and LS and HS 4f—5d transition as well as CB
and VB of the Lu,03 host. Thermal trap depths (black lines) were estimated from glow curves (see Figs. S2 and S3) and the yellow line represents the medium-energy trap
whose depth was roughly approximated. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)



D. Kulesza, A,JJ. Bos and E. Zych

temperatures the involvement of the D3 levels should even in-
crease.

Since the >Dj is located slightly below the HS 360 nm forbidden
transition, it might be considered useful to fill the deep traps ei-
ther by tunneling or by thermal stimulation. The latter would eas-
ily involve the HS state (360 nm, Fig. 7) and thus would rather
lead to the tunneling towards the shallow trap, as just discussed.
The former mechanism - tunneling from the °D; to the deeper
traps - cannot be excluded, at first. Yet, its efficiency would need
a spatial proximity of both interacting entities (Tb3+ and the trap)
especially that the shielded 4f levels hardly interact even with the
ligands from their first coordination sphere. Hence, one should not
expect it plays any significant role in the discussed TL processes.

The presented scheme perfectly accords with the results. For
shorter wavelengths (< 320 nm, LS 4f—5d band transition) the
charging energy is high enough to ionize Tb3*t, with just small
help of thermal phonons easily available at room temperature, and
release the electron into the CB. From there, mostly the high-
temperature traps are filled (in both co-doped samples) while the
shallower ones contribute to TL only moderately. The extra ther-
mal energy, Eierm, Needed to promote the electron to CB is quan-
titatively revealed in the Arrhenius plots (Figs. 4b,d and S1). It in-
creases continuously with decreasing energy of the charging pho-
tons, as expected. Note that upon 316 and 332 nm radiation addi-
tional medium trap is exposed (yellow line in the scheme in Fig. 7)
in TL glow curves (~250 °C) populated only in a specific range of
charging temperature, namely 155-255 °C. The energy is supposed
to come from the deepest trap.

The usage of the 360 nm excitation (into HS 4f—5d band) pro-
duces the low-temperature glow peak leading to persistent lumi-
nescence. Since this excitation energy is not able to cause the Th3+
ionization at room temperature it is implied that these shallow
traps are filled by a tunneling-type local process. As a result, the
room temperature persistent luminescence decay shows the 1 over
t behavior. All that agrees perfectly also with lack of conductivity
upon the 360 nm irradiation showed previously in the Lu,053:Tb,Hf
sample [20].

The intriguing gradual change of the glow curves under 360 nm
excitation when sample temperature is continuously raised proves
that whole complex trapping sites form in fact a continues dis-
tribution of trapping centers. Then the higher-temperature glow
peaks cannot be related one-to-one to the co-dopants. The co-
activators definitely enhance the population of the traps naturally
occurring in the host.

Finally, we want to deal with the observed greatly preferen-
tial filling of the deeper traps compared to charging of the shal-
low ones (giving TL below ~100 °C) with high-energy radiation (<
320 nm). In general, it means that electrons which happened to
get excited to the conduction band and gained the possibility of
moving over some distances there are prone to fall into the deeper
traps favorably. This means that the free electrons (those from the
conduction band) capturing cross section of the deep traps [32-
34] is much larger than the trapping cross section of the shallow
traps. It is noteworthy that there are no signs of any energy (ex-
cited electrons) exchange between the two types of traps at least
around room temperature. Hence, this is indeed the probability of
capturing the free electrons, which differs the two types of the
trapping sites.

It was previously concluded that the deep traps in Lu,O3:Tb,Hf
and Lu,05:Th,Ti represent the charge transfer 02~ —Ti%t/Hf*+
states [14,18,20]. The co-dopants offer empty orbitals where the
electron may locate forming such an entity. Since, by its very na-
ture, it is strongly spatially spread it may especially effectively in-
teract with the free electron from the conduction band. This is
even facilitated by the extra positive charge of the Hf';,, or Ti'y,
defects. The origin of the shallow electron trap is not clear. In
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Lu,03:Tb,M (M = Ca, Sr, Ba) with similarly positioned TL around
100 °C it was postulated to be associated with anionic vacancy
sites in [35]. Yet, in those ceramics, it could be easily effectively
charged with the wavelengths shorter than ~320 nm, which is in
contrast with Luy03:Tb (see Fig. S4). Hence, the intrinsic defects in
the singly doped Lu,03:Tb have to have different origin. Advanced
EPR spectroscopy might shed more light on this. Nevertheless, it
is clear that the competition for the free electrons in CB is won by
the Hf*},, or Ti‘}, defects. Note that the above reasoning is perfectly
in line with the TL results for the singly doped Lu,03:Tb in which
the glow curves after charging with 300 nm and 360 nm radiation
are practically identical in shape and possess only the low temper-
ature TL coming from the shallow traps but only upon the 360 nm
charging the TL is intense (Fig. S4).

5. Conclusions

In-depth research of Lu,03:Tb,M (M= Ti, Hf) sintered ceram-
ics’ thermoluminescent properties was conducted and synergy of-
fered by combining TLES and PLES spectroscopy at different tem-
peratures and a set of TL advanced measurements was success-
fully used to disclose new characteristics of these phosphors. It
was proved that charging energy may greatly affect TL properties
of the materials leading to persistent luminescence after ~360 nm
irradiation or permanent charge carrier’s storage after exposure to
shorter wavelengths. The systematic research on the effect of the
sample temperature on charging the traps using photons of spe-
cific energies revealed the possibility of selective filling the vari-
ous trapping sites in the investigated materials Furthermore, the
combined effect of thermal phonons and optical photons allowed a
precise positioning of the 5d levels of Tb3*, both HS and LS, within
the energy bandgap. Lu,05:Tb,Ti shows intense persistent lumines-
cence after excitation into the spin forbidden 4f—5d (HS) absorp-
tion band and the electron trapping and detrapping proceed via a
localized tunneling-like transition. Another unique TL features of
Lu,03:Th,Ti is its extremely broad range of continuous distribution
of trap depths. This could be observed only upon charging with
the 360 nm radiation when assisted with thermal phonons. This, in
turn, allows us to consider this ceramic as a possible temperature
sensor. It will, obviously, need a focused research with precisely
and deliberately defined experiments specific to this field. Never-
theless, directly from the glow curve position and shape, the ma-
terial might obviously sense the temperature of its charging. Also,
the afterglow intensity and its decay kinetics measured at specific
(for example room) temperature should be strongly dependent on
the temperature of the sample previous charging. One can imaging
specific application of such effects. Bill Yen, once said about persis-
tent luminescent phosphors: “This is our imagination, which limits
their applications”.
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