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ARTICLE INFO ABSTRACT

Keywords: Photoluminescence (PL), thermoluminescence (TL) emission spectra and TL glow curves of barium yttrium
BaY,Fg fluoride (BaY,Fg — BaYF), undoped and doped with erbium (Er*™) or praseodymium (Pr®™) were measured to
Luminescence investigate the fundamental absorption (band gap - E,), the nature of the trapping centers, as well as the
VUV spectroscopy electronic transitions of Ln®* in BaYF host. The band gap energy E, of BaY,Fs was determined by vacuum
Thermoluminescence

ultraviolet (VUV) excitation measurements to be around 11.2 eV. Additionally, the electronic transition from
excited states of Ln>" ions and the exciton state were also identified. TL emission spectra showed that the TL
emission of doped samples is related to the Ln>* ion, indicating that the related host trapping centers are not
affected by the new trapping centers originated due the dopant ions. Trap depths were calculated by fitting the
glow curves using a first order kinetics model. Host-related trapping centers were attributed to intrinsic defects
such as Vi and F centers and the new TL peaks observed for Er— and Pr-doped samples was associated to the
electrons trapping centers. These results lead us to propose a simple model to explain the origin of the TL

emission in BaYF.

1. Introduction

Barium Yttrium Fluoride (BaY,Fg) is a well-known fast scintillator
due to its cross-luminescence (CL) emission under exposure to ionizing
radiation [1]. In the last years, BaY,Fg have been cited as a promising
material for luminescence applications when doped with lanthanides
ions: fast vacuum ultraviolet (VUV) scintillation when doped with Er®*
and Nd®** or Tm®* and Nd®* [2,3], fast scintillating [4] when doped
with Ce®*, and also as a laser host when doped with Tm®* [5] and
Yb3* [6]. Optical absorption results have shown that the scintillation of
BaY,Fg is partly absorbed by centers created by the electrons and holes
trapped at charge trapping centers related to host defects [7], de-
creasing the energy transfer efficiency from the host to the luminescent
center [2].

Charge trapping centers have also been associated with the ther-
moluminescent (TL) signal in BaY>Fg [8]. The most probable intrinsic
host defects in BaY,Fg has been attributed to the BaF, pseudo-Schottky
[9], formed by two fluorine vacancies and one barium vacancy. The
negative ion vacancy in alkaline halides form a F* center that can acts
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as an electrons trap, forming a defect like F center (an electron at a
negative ion vacancy) [10]. On the other hand, it is known that the
cation vacancy in alkaline halides works as a hole trapping center,
forming a Vr center (like a Vi center adjacent to a cation vacancy),
which is an antimorph of the F center [10,11].

The scintillating mechanism of Ln®*-doped BaY,Fg be associated
with the energy transfer from the host to the Ln®* ions. However, the
thermoluminescent mechanism emission is not yet completely under-
stood. Kowalski et al. [12] showed for Nd®*- and Ce®**-doped BaY,Fs
that their luminescent mechanism can be based on two possibilities; the
first takes into account the self-trapped excitons to Ce®**/Nd>* radia-
tive energy transfer, and the second and most probable assumes the
capture of charge carries by Ce>*/Nd®*. In fact, lanthanide ions can
work as charge trapping centers in wide bandgap materials [13], but
the nature of the trapping center depends on the energy levels location
within the band gap of the lanthanide ions [14].

In this work we proposed a simple model, based on our photo-
luminescence and TL results, to explain the origin of the charge trap-
ping centers and TL signal of the BaY,Fg and the influence of the Er®™*
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and Pr** dopants in the TL emission. VUV measurement of our samples
allowed us to estimate the BaY,Fg band gap energy (E,). TL results
showed that the host trapping centers are not affected by the presence
of doping ion. On the other hand, the dopants added new trapping
centers associated with TL peaks on the low temperature side of the
host TL peak, as expected for Er and Pr working as electron traps. TL
glow curves were fitted using GlowFit [15] computer program to esti-
mate the trapping center depths.

2. Methodology

Undoped, Er®*- or Pr®*-doped BaY,Fg single crystals were grown
by the zone melting method under HF atmosphere, from BaF, and YF3
(and PrF3) powders (previously prepared by standard fluorination
method from their commercial carbonate and oxides, respectively)
[16]. The raw materials were weighed and mixed in non-stoichiometric
composition, according to the BaF,-YF3; phase diagram [17], with ad-
dition of LnF3 (Ln = Er or Pr) for doped samples with 2.0 mol % con-
centration. The crystal growth procedure is described in more detail by
Cruz [18]. Thermal analysis results indicated that BaY,Fg may actually
be incongruent [17,18].

X-ray diffraction (XRD) in single crystalline powder samples was
used to identify the crystalline phase. The measurements were carried
out in a conventional Rigaku RINT 2000/PC diffractometer using Cu K
alpha radiation, operating at 40 kV/40 mA, in the 2 theta range from
20° to 70°, using steps of 0.02°. The crystalline phase was confirmed by
comparison with the standard patterns deposited in the Inorganic
Crystal Structure Database (ICSD).

Photoluminescence excitation and emission measurements in the
vacuum ultraviolet to visible range were measured at the Brazilian
Synchrotron Light Laboratory (LNLS), using the facilities of the
Toroidal Grating Monochromator (TGM) beamline [19]. The measure-
ment details are described in previous works [20-23].

TL curve measurements were performed using a Risg TL/OSL-DA-15
reader (Risp National Laboratory, Denmark), equipped with a photo-
multiplier tube (PMT; model 9235QB, Electron Tubes Inc., Middlesex,
UK) and a ?°Sr/°°Y beta irradiation source, delivering approximately
70 mGy/s in the sample position during exposure. The heating rate used
was 5K/s and high-purity N, was used in the heating chamber. A
bandpass optical filter (Schott - BG39, 6.0 mm of total thickness, Schott
AG) with transmission from ~ 340 nm to 610 nm, was used in front of
the PMT. TL emission spectra were measured in a homemade TL reader
replacing the PMT by an optical fiber connected to an Ocean Optics
spectrometer (QE 65000 Pro, Ocean Optics Inc.). Each spectrum was
recorded using an integration time of 1 s while the sample was heated at
5K/s. The TL glow peak position measured by the spectrometer may
show a difference of + 15K with respect to the TL curve measured
using the Risp reader due to the lack of synchronization between the
heating system and the optical fiber spectrometer acquisition, caused
by the high heating rate used.

3. Results and discussions

Fig. 1 shows XRD powder patterns of the undoped and the Er®*- or
Pr®* -doped BaY,Fg samples. All diffraction peaks for all the samples
can be indexed to the BaY,Fg monoclinic belonging to the C12/m1(12)
space group, consistent with the standard collection code 74359 ob-
tained from the Inorganic Crystal Structure Database (ICSD) [24].

Fig. 2 shown the emission and excitation luminescence in VUV and
visible region for the undoped sample. Under VUV excitation, undoped
BaY,Fg exhibits a weak broad emission band with a maximum around
4.2 eV. This emission is attributed to the self-trapped excitons (STE)
emission, that is almost completely thermally quenched at room tem-
perature, as shown by Kirikova et al. [25]. The BaY,Fg can also exhibits
a core-valence luminescence (CVL), due the radiative recombination
process of an electron from the 2p level of the F~, located in the valence
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Fig. 1. X-ray diffraction measurements for the undoped and Er®*- or Pr**-
doped BaY,Fsg.
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Fig. 2. Emission spectrum (red line) excited at 10.2 eV and excitation spectrum
(blue line) monitoring the STE emission for the undoped BaY,Fg. (For inter-
pretation of the references to colour in this figure legend, the reader is referred
to the Web version of this article.)

band with a hole in the 5p-core level of the Ba?™ [7]. However, it
cannot be excited below 19.0 eV for BaY,Fg [1]. In general, this emis-
sion band is found for compounds containing Ba cations and F anions,
such as LiBaF3 [26], BaF, [1] and BaLu,Fg [7], being responsible for a
well know fast emission. The excitation spectrum, recorded monitoring
the emission in a range from 2.5 eV to approximately 5.0 eV, shows a
broad excitation band centered at 10.2 eV. This band is similar to the
one reported in Ref. [1], and is due to the excitonic absorption due the
STE creation (E,) [25]. Therefore, it cannot be associated to the band
gap energy (host) of BaY,Fs. For this reason, we have used a relation
proposed by Dorenbos in Ref. [27], which states that, for wide band gap
materials, the exciton binding energy can be estimated by the expres-
sion Eg = Eex + (0.008 x (Ee)?®). With this we found a reasonable
value of 11.2 eV for the band gap energy of the BaY5Fg, which is similar
to the value reported by Becker et al. [28]. Furthermore, studies per-
formed by Rubloff showed that the E; can be estimated at about 1.0 eV
above the exciton binding energy in fluoride materials [29].

Fig. 3 shows the excitation and emission spectra of the Er®*-doped
BaY,Fg. The emission spectrum displays a series of narrow lines, which
can be ascribed to the well-known intraconfigurational 4f-4f transitions
of Er**. Also in Fig. 3, the excitation spectrum presents narrow bands
associated to the 4f-5d transitions of Er® ™. The first high spin [HS] 5d-
level and first low spin [LS] 5d-level were identified at 7.5 and 7.95 eV,
respectively. The band centered at 10.2eV, as discussed for the un-
doped BaY,Fg, is associated to the STE creation (E,,) [25]. A much less
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Fig. 3. Emission spectrum (red line) excited at 10.2 eV and excitation spectrum
(blue line) monitoring the emission from Er’t in a range of 1.5-3.8 eV. (For
interpretation of the references to colour in this figure legend, the reader is
referred to the Web version of this article.)

intense band located at around 11.2eV is associated to the band gap
energy. In fact, a low intensity band is expected in the excitation
spectrum of Ln®*-doped BaY,Fg due the low energy transfer efficiency
from the host to the luminescent center [2,28].

Fig. 4 also shows the excitation and emission spectra, but for the
Pr®*.doped BaY,Fg. In the emission spectrum it is possible to identify
the interconfigurational 4f'5d'—4f> transitions of the Pr** ions, ex-
hibiting a characteristic broadband at the ultraviolet region in the range
from 4.5 to 5.7 €V (~220-275nm). In the range from 1.6 to ~2.8eV
the emission spectrum displays a series of narrow lines, which are as-
cribed to the intraconfigurational 4f-4f transitions of Pr’*. The ex-
citation spectrum in Fig. 4 is composed of 5d;, 5d,, 5d4 and 5ds of Pr>*
excitation bands at 5.7, 6.6, 7.5 and 7.8 eV. The identification of the 5d
levels of Pr®* was done taking into account the well-established rela-
tion, which states that the energy of the 5d' excitation band of Pr** can
be predicted from the corresponding 5d' excitation band observed for
ce3*t by simply adding (1.51 = 0.09) eV energy [30]. Fabeni et al. [4],
showed that the main 4f-5d transition of Ce®*-doped BaY,Fg is located
at 4.1 eV. So, using this relation we can find a value of ~5.7 eV for the
5d! level of Pr**, which provides a good match with the value found in
the excitation spectrum measured in the present work. Also in Fig. 4,
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Fig. 4. Emission spectrum (red line) excited at 10.2 eV and excitation spectrum
(blue line) monitoring the emission from Pr®* in a range of 1.5-3.8 eV. (For
interpretation of the references to colour in this figure legend, the reader is
referred to the Web version of this article.)

240

Optical Materials 90 (2019) 238-243

1.0 8
Pr

0.8 ]
0.6 Er ]

0.4+ 4

Normalized TL intensity

0.2 4
AN

undoped

0.0
300

400 450 500 550

Temperature (K)

T
350 600
Fig. 5. Normalized TL curves of undoped, Er®* - and Pr**-doped BaYFg. All TL
curves were recorded after exposure to the 20 Gy of beta radiation. The heating

rate used was 5 Ks ! and a visible transmitter filter Schott BG39 6 mm was used
in front to PMT.

the bands centered at 10.2 and 11.2eV, as discussed before, are as-
cribed to the STE creation and band gap energy, respectively.

Using the well-known redshift model, described by Dorenbos
[30,31], we can predict the energy of the 5d; levels for all Ln®* ions if,
for example, the experimental energy of 5d levels for Ce** is known.
Thus, the predicted values obtained by the model for Er** and Pr®*
were 5.7 and 7.8eV, while the values obtained from the excitation
spectra (see Figs. 3 and 4) for Er®* and Pr** were 5.7 and 7.5 eV, re-
spectively, which represents a good agreement.

Fig. 5 shows the normalized TL curves for undoped and for Er®™-
and Pr®*-doped BaY,Fg. The TL curves were recorded after beta irra-
diation with a dose of 20 Gy. For the undoped sample, the TL curve
consists of a characteristic non-symmetric first-order isolated TL peak,
centered at 425K, and a very weak TL peak at 530K Er’*-doped
BaY,Fg also shows the same TL peaks related to the host at 425 and
530K, as well as an additional TL peak located at a lower temperature
(360 K). Pr3+-doped BaY,Fg also shows at least one additional TL glow
peak located at a lower temperature (365 K).

The origin of the TL emission of the undoped BaY,Fys is not yet fully
known and the results in the literature up to now suggest that its TL
emission is due trapping centers related to an intrinsic defect. As dis-
cussed by Amaral et al. [9], the most probable intrinsic defect in BaY,Fg
host is BaF, pseudo-Schottky. In other words, this intrinsic defect is
formed by one barium vacancy Vj, and two fluorine vacancies 2 Vi,
that can acts as holes and electrons trapping centers respectively,
working as Vr and F centers. Besides this, it is well-known that the
BaY,Fg STE emission of the BaY,Fg quenches increasing with tem-
perature. However, the STE levels can still play a role in such energy
transfer [2]. Thus, probably this can be the origin of the trapping
centers responsible for the undoped BaY,Fg TL emission [8,32].

There are two possibilities for the new TL peaks observed for the
Er**/Pr’*-doped BaYF. Part of the excited charge carriers, electrons
and holes, can be trapped either by host defects or lanthanide impurity
levels. In fact, the lanthanides can trap electrons Ln®t + e=— Ln?™)
when their divalent 4f ground state is located few eV below the CB
[13,14]. Free holes can be stabilized by interaction with two adjacent
anions, creating a Vj-center, forming a self-trapped hole (STH). Fur-
thermore, the energy of Vy-centers does not vary much for different
fluoride host lattices, being the difference between the valence band
and Vi-center of few eV [13]. Thus, it is not expected that the host TL
peak would be affected by the presence of lanthanide ions. Thus, the
presence of lanthanide ions would be responsible for existence of others
related TL peaks.

On the other hand, the holes can also be trapped by trivalent 4f
ground states (Ln®>* + h*— Ln**) if they are located above intrinsic
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Fig. 6. TL emission spectrum of BaYF:Pr (a) and BaYF:Er (b). The samples were heated up to 673 K using a heating rate of 5 Ks ™! before irradiation to give a zero dose
reference, followed of an irradiation for 300 s using an X-ray source delivering ~1.41 mGy/s at the sample position.

hole trapping center, relative to the VB [13]. Thus, the electron being
released from an electron trapping center (intrinsic defect or divalent
Ln state) recombine with a hole trapped at a trivalent Ln state or a self-
trapped hole, or the Ln-trapped hole being released and recombine with
a divalent Ln state, will result in an excited state of Ln®*. Both pro-
cesses will lead to a Ln®* characteristic TL emission spectrum [13,14],
as observed in Fig. 6(a) and (b).

Fig. 6(a) and (b) shows the TL emission spectrum of the Pr®* and
Er®*-doped BaY,Fg samples, respectively. The emission spectrum for
the undoped sample (not shown) was not detected in the range of the
spectrometer (spectral response from 350 to 980 nm) or the emission
was very weak to be detected by the spectrometer. Fig. 6(a) shows the
contour plot with a main emission TL peak centered at 390 K. This TL
emission is associated with Pr>* emission, as observed in the emission
spectrum on the top of Fig. 6(a). In Fig. 6(b) the contour graph shows
that the TL emission for Er’*-doped BaY.Fg is also composed by the
characteristic emission from the dopant. Fig. 6(b) also shows that the
TL curve (see TL curve on the right side of Fig. 6(b)) can display one or
two TL peaks by monitoring different Er®* emissions. Ln®>* TL emission
spectrum was also reported for Ce®*-doped BaY,Fg [33].

The presence of intrinsic electron and hole trapping centers can
explain both intrinsic TL emission for undoped BaY,Fg and also the
characteristic Ln®* TL emission. However, which are the specific defect
that is responsible for each peak is yet an open question. For example, if
the process is governed by electron released, one should consider a Ln-
trapped hole giving an excited 4f state of Ln>*: Ln** + e=— (Ln®>*"). If
the process is governed by hole released, one should consider a Ln-
trapped electron giving an excited 4f state of Ln**: Ln®** + h*—
(Ln®***). In principle, both processes are equally possible and the me-
chanism that will dominate depend on the position of the 4f state of the
lanthanide ion and the position of the host intrinsic defects.
Additionally, the presence of shallow traps that may release trapped
charges by thermal excitation at room temperature will lead to radia-
tive recombination at Pr®*/Er®* and this is in line with the phos-
phorescent emission observed in a previous work for Pr®*-doped
BaY,Fg [32].

All above assumptions assume the existence of trapping centers
associated to the host defects, and also additional trapping centers due
to the presence of the Er®* or Pr’* levels. As observed in Fig. 5, the
additional TL peaks for Er®* /Pr®*-doped samples are located at lower
temperature range than the TL peaks related to the host. This indicates
that Er** /Pr®* -related TL peaks are due to shallower trapping centers.
Thus, based on the above discussion, the activation energy of the TL
peaks of all samples was investigated.

The trap depths E of the TL peaks were estimated assuming first-
order kinetics. The choice of first-order kinetics is justified by TL
measurements at various doses (not shown here), which revealed that
the TL peak positions do not change with increasing doses of ionizing
radiation. The fitted TL curves are shown in Fig. 7(a)-(c), and the ob-
tained trapping parameters are listed in Table 1.

As discussed before and showed by the TL curve fitting, all of the
samples showed the main TL peak related to the host with
E ~ (0.74 = 0.01) eV. For Er-doped BaY,Fg, they show an additional
TL peak at 362K with E ~0.55eV is presented, and for Pr-doped
BaY,Fg they show two additional TL peaks at 370 and 395K with E
~0.64eV and E ~0.65 eV, respectively, were detected. These results
showed that, regardless the Er>* or Pr>* dopant ion, the position and
activation energy of the intrinsic TL peaks are virtually the same (see
Table 1). Thus, based on the existence of holes and electrons traps re-
lated to the intrinsic defect on the host and also in the electron and hole
storage capacity of the lanthanide states [14], it is possible to propose a
model to explain the TL mechanism of the undoped and Er**/Pr®*-
doped BaY,Fg.

For undoped BaY,Fg, in principle, the TL mechanism can be gov-
erned by electron or hole release. Furthermore, as observed in Table 1,
the position and activation energies of the host related TL peaks are not
(or almost not affected) by the presence of new trapping centers created
by the dopants. However, for Er/Pr-doped samples we can consider a
mechanism governed by electron release from the divalent lanthanide
4f ground state and/or from an intrinsic electron trapping center. The
electron will recombine with a Ln-trapped hole resulting in an excited
4f of the Ln®*. This mechanism is corroborated by the additional TL
peaks at lower temperature for Er/Pr-doped BaY,Fg since the activation
energies found for TL peaks related to the Er/Pr doping ions are ac-
cording to expected for Er** and Pr®* states. Typically, the Ln®* (as
Er’* and Pr**) state are located close and just below of the CB in wide
gap materials, as showed for different fluoride hosts by the energy le-
vels scheme developed by Dorenbos [34]. Thus, it is reasonable to
consider that the host electron trapping center is located below that
Ln?* states of the Er and Pr (relative to CB). However, if a TL me-
chanism now governed by hole-release from self-trapped holes or from
holes trapped by Ln dopants is considered, one should expect that the
TL peak would be at a much higher temperature since the trap depth for
holes trapped in the 4f state of lanthanide ions are located well above
the valence band, acting as deep trapping centers [14]. Since higher
temperature TL peaks were not detected, this mechanism has to be
ruled out, only the mechanism due to electron-release is possible. Fig. 8
illustrates the TL scheme summarizing the TL mechanism discussion via



A.B. Andrade, et al.

Optical Materials 90 (2019) 238-243

T T T T T T T T T T b
— Undoped (@) . Er** doped (b)
® + Observed data 12+ + Observed data
8 ¥ Fitted data @ hifted data
8 1St peak (074 ev) § —_— 1:‘dpeak (0.55eV)
o —— 2™ peak (0.97 V) o 94 ——2"peak (0.73eV) -
b= i ' o 3" peak (0.97 eV)
< 21 S pasic(lIs ) 4 = 4" peak (1.13 eV)
= I 6
& > 61 ]
S )
Q c
£ 14 ] g
= eka —
-
0 e ! v T y 0 T T T T T
300 350 400 450 500 550 600 300 350 400 450 500 550 600
Temperature (K) Temperature (K)
12 (c)

Pr¥* doped

TL intensity (10* counts s™)

+ Observed data
Fitted data

1%t peak (0.64 eV)
—— 2" peak (0.65 eV)
—— 3" peak (0.75 eV)
—— 4" peak (0.97 eV)
5% peak (1.11 eV)

350 400

450

=

500 550 600

Temperature (K)
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Table 1
TL parameters obtained by curve fitting for the undoped and doped samples.
Sample
BaYF:Pr BaYF:Er BaYF
Tm (K) 370 - -
Act. E. (eV) 0.64 - -
Tm (K) 395 362 -
Act. E. (eV) 0.65 0.55 -
Tm (K) 432 425 424
Act. E. (eV) 0.75 0.73 0.74
Tm (K) 462 463 463
Act. E. (eV) 0.97 0.97 0.97
Tm (K) 528 528 528
Act. E. (eV) 1.11 1.13 1.13

electron releasing.

4. Conclusions

The results reported in this work support the discussion regarding
the luminescent mechanism of the undoped and Er®*- or Pr’*-doped
BaYF single crystals. Photoluminescence excitation results measured in
VUV range showed that the energy needed to create the exciton is about
10.2 eV and the fundamental absorption (band gap energy) is located at
11.2eV. These results indicated that the host to luminescent center
energy transfer process in BaYF is poor efficient for excitation energy >
to E;. The emission spectra for undoped sample showed that the
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intrinsic luminescence at room temperature is rather weak. On the
other hand, the luminescence from Er and Pr doped samples were quite
efficient.

Thermoluminescence results showed the existence of TL peaks re-
lated to the intrinsic host defects due the presence of F and Vi-centers.
Additional TL peaks were observed for Er** and Pr®>*-doped BaYF and
showed a TL emission spectra characteristic of the intraconfigurational
4f-4f transition of the dopant. All TL peaks were assigned to first order
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kinetics and depths of trapping centers, calculated by using the TL peak
fit method, suggested that the additional TL peak, for doped samples
are due the shallow electrons traps. Besides this, TL peaks from the host
are not affected by the dopant related traps. Thus, we can conclude that
the host related defects are not affected by the shallow electron traps
created by the presence of the Er and Pr dopants.
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