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ARTICLE INFO ABSTRACT

Keywords: Preparation and synthesis of luminescent materials has a special interest in medicine, industry and research due
Microanalysis to the wide variety of applications offered by phosphors. In this study, pellets of a mixture of CaFp and TmyO3
Cathodoluminescence

which were pressed and thermally treated up to 600 °C were prepared in air. Combined SEM (scanning electron
microscopy), EDX (energy dispersive X-ray analysis) and CL-RGB (cathodoluminescence red-green-blue)
microanalysis and, complementarily spectral CL analysis of this phosphor were performed. EDX analysis
showed that the activator was homogeneously distributed in the prepared specimens. The additional CL emission
can be attributed to the properties of some luminescent centers that were apparently created during the
annealing. In addition, it seems that other trapping centers were created by new structural defects during the
preparation process in the CaF; lattice. The combined techniques SEM/EDX/CL-RGB have confirmed their ca-
pabilities in the characterization of the prepared materials. This contribution provides a process and charac-
terization methods used in the fabrication and characterization of a phosphor that can also be used to optimize

Thulium oxide

Calcium fluoride
Quenching of luminescence
Radiation dosimetry

the luminescent emission of other similar synthetic materials with rare earth oxides as activators.

1. Introduction

Rare-earth elements (REE)-activated materials are of great interest
due to their luminescent properties. Synthesis of REE-based phosphors is
usually employed in the fabrication of LEDs, lasers and luminescent
detectors, with many applications in medicine, industry, and research
where REE oxides are the main raw material used in the synthesis of
these kinds of phosphors (Cui and Hope, 2015). In particular, trivalent
rare-earth ions such as Tm>" can be introduced in some matrix (e.g. CaFy
and CaSOy), enabling luminescent REE-activated materials to be fabri-
cated (Vasconcelos et al., 2014; Madhusoodanan et al., 1999).

The creation of trapping and recombination centers and the cor-
responding energy levels in the bandgap provide a new electronic
configuration that will be reflected in the luminescence stimulation
mechanism by thermoluminescence (TL) (Madhusoodanan et al.,
1999), optically stimulated luminescence (OSL) (Asfora et al., 2016),
up-conversion (UC) (Cao et al., 2008) or near-ultraviolet excitation
(NUV-e) (Cai et al., 2014). Electron-hole energy is transferred to the
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Tm3" ion (Upadeo et al., 1994) when returning to the ground state and
blue light is produced by the three transitions: 'Dy—%F4, 3Py —3F4 and
1G4—>3H6. These luminescent emissions are expected when thulium
oxide has been diffused in the CaF; matrix. However, this phosphor has
previously been synthesized via wet chemical synthesis (Vasconcelos
et al.,, 2014) and combustion synthesis (Asfora et al., 2016; Vascon-
celos et al., 2016), which are protracted processes and complex in-
frastructures (Cao et al., 2008; Cai et al., 2014).

In this study, powders of TmyO3 and CaF; were homogeneously
mixed and pressed. This was then followed by a simple dry heating
process and was preliminarily studied as a new TL material suitable for
radiation dosimetry applications (Rodriguez et al., 2020). Going beyond
this previous work, the structure and composition of the resulting ma-
terial was characterized by scanning electron microscopy (SEM) at room
temperature to identify non-uniformities or local changes in chemical
composition in micrometric scale. While the EDX technique estimates
the qualitative elemental composition in addition to the changes of
atomic fractions in the prepared samples (Goldstein et al., 2018), the
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Fig. 1. ESEM/EDX maps of Ca (a), Tm (b), F (c) and O (d) in the specimen thermally treated at 600 °C for 1h (3-600-1h).

CL-RGB signal provides a filtered Red-Green-Blue (RGB) image of the
luminescent center (LC) emissions with high spatial resolution (typically
1 pm) (Boggs and Krinsley, 2006). The RGB contrasted images in the
visible spectrum has been compared to CL spectra for providing the
luminescent characterization of the fabricated material.

2. Materials and methods

2.1. Preparation of specimens

The main feature of this preparation procedure was its simplicity. For
the raw materials, TmpO3 powder (99.9% of purity) was supplied by
ALFA laboratory, while the CaF; SUPRAPUR was supplied by MERCK
laboratory. The CaF, is a high-grade Standard Reference Material
certified by the reference NIST180 Fluorspar NIST® SRM® 180, with the
following metal trace basis (<150 ppm), obtained by qualitative spec-
trochemical analysis: Fe (0.1-1.0%); Al, Ba, Mg, Pb, Si and Sr
(0.01-0.1%); Cu, K, Mn, Na, Ti and V (0.001-0.01%.); Ag and Li (less
than 0.001%). The sample was milled in a manual mortar for 5 min to
improve the mixing of the dopant and the CaF; matrix.

The sample was prepared with 3 mol% of TmyO3 (to molar CaFs) in
the manner described above. The mixture of Tm03 and CaF, was then
pressed at 60 MPa for 10 min without phase transition (Gerward et al.,
1992) in a manual static powder press, which resulted in a compact
sample (3-RT) around 1 mm thick. Afterwards, the compact sample
was cut to obtain specimens of irregular shapes. Thereafter annealing
was carried out to make pellets from these specimens, but not as a
method to incorporate Tm into the crystalline fluorite lattice. Speci-
mens were annealed for 1 h, 3 h and 7 h at 600 °C, called 3-600-1h,

3-600-3h, and 3-600-7h respectively. Annealing was done in a pro-
grammed furnace which allowed control of the heating and cooling
rate of 1 °C/min in air.

This process was carried out at the Universidad Autonoma de Madrid
(UAM) in Spain.

2.2. SEM/EDX/CL-RGB microanalysis

A Hitachi S-3000N scanning electron microscope (SEM) with a res-
olution of 3 nm at 25 keV was used. The EDX analyzer was an Oxford
Instruments INCAx-sight model. Elemental mapping and composition
spectra were obtained from the characteristic X-rays K of Ca, Ly; of Tm,
Ko1,a2 of F and Ky of O, employing standard references (Wollastonite,
TmF3, MgF, and SiOz) with an estimated accuracy of 1%. CL-RGB
emission was obtained by a Gatan CHROMA-CL2 cathodoluminescence
system. The RGB filtered light emissions were recorded using a cooled
array detector device (CCD) that has a detection range in the visible
spectrum (400-800 nm). The red filter transmits red light in the 590-800
nm wavelength range, the green filter transmits green light in the
495-590 nm wavelength range and the blue filter transmits blue light in
the 400-495 nm wavelength range. Microanalysis of the specimens was
performed in the SIdI (Servicio Interdisciplinar de Investigacion) of the UAM
(Universidad Auténoma de Madrid) in Spain.

2.3. CL spectra

Spectral CL analysis was performed in the Museo Nacional de Ciencias
Naturales of CSIC (Madrid, Spain). CL spectra were measured on an
uncoated polished slab in low vacuum mode (40 Pa), using a Gatan
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Fig. 2. ESEM/EDX maps of Ca (a), Tm (b), F (c) and O (d) in the specimen thermally treated at 600 °C for 3h (3-600-3h).

MonoCL3 detector with a diffraction grating that resolves emission
spectra. A PA-3 photomultiplier tube (PMT) is attached to the SEM. The
PMT covers a spectral range of 250-850 nm, and it is most sensitive in
the blue part of the spectrum. A retractable parabolic mirror and the
PMT are used to collect and amplify luminescence. Specimens were
positioned 16.2 mm beneath the bottom of the CL mirror assembly.
Excitation for CL measurements was performed with a 25 keV electron
beam.

3. Results

3.1. SEM/EDX analysis

Figs. 1-3 display SEM/EDX composition maps of the thermally pre-
pared specimens (3-600-1h, 3-600-3h, and 3-600-7h) in false colors.
Maps of Ca, Tm, F and O in yellow, green, blue and red respectively, are
displayed by insets (a), (b), (c) and (d). Circles indicating the presence of
Ca and Tm are highlighted in the insets (a) and (b). The absence of each
element is shown in black. Thus, insets (a) display the presence of Ca
within white circles, while insets (b) also highlight them as a comple-
mentary absence of Tm in the area. In the same way, insets (b) display
accumulation of Tm within red circles, while insets (a) also highlight
them as a complementary absence of Ca in the area. Moreover, Ca and
Tm mixed areas are highlighted with orange circles, where Ca and Tm
co-exist. Owing to their low atomic weight, this pattern of comple-
mentarity is not followed by elements F and O, as might be expected in
insets (c) and (d). In inset (b) it is seen that Fig. 2 displays smaller
quantities of Tm than Figs. 1 and 3, which is evidenced by the size and
number of the Tm containing areas.

Table 1 shows the results of the relative elemental composition
(atomic%) that the EDX system estimated from relative weight (weight
%) in the measuring areas, as well as the calculated composition of the
initial mixture (blend) without treatment. The most luminescent mea-
surement areas were chosen.

Fig. 4 displays SEM/EDX composition spectra and the mapped re-
gions of the thermally prepared specimens, where the insets (a), (c) and
(e) show that the elemental composition is practically the same within
the semi-quantitative character of these EDX measurements. Estimates
of EDX analysis are made with the relative values (weight%) of the
signals (counts) of the chemical elements considered in the sample,
which allows the atomic percentages (atomic%) to be determined
directly. However, EDX does not provide the scale of those signals, as
can be seen in Fig. 4, because a calibration common to chemical ele-
ments with such different atomic weights cannot be achieved. Conse-
quently, these relative numbers are of interest as one can semi-
quantitatively estimate changes in the atomic fraction of the heaviest
elements (Ca and Tm), taking into account these features of the EDX
technique. This is to say that on one hand the rarer elements such as Tm
(2 atomic%) and O (3 atomic%) show large relative variations, mainly
showed by oxygen, as expected. On the other hand, the elements with
low atomic weights (F and O) also show significant differences, with
respect to the true values of the mixture (blend). These limitations of
EDX extend to the estimation of the atomic fraction of Ca (32 atomic%),
although this has been the best estimated element due to its rather high
atomic weight and its abundance in the sample. Therefore, the counts of
the respective peaks are not considered precise measurement values
(high uncertainties) but allow the atomic percentages to be obtained
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Fig. 3. ESEM/EDX maps of Ca (a), Tm (b), F (c) and O (d) in the specimen thermally treated at 600 °C for 7h (3-600-7h).

Table 1

Atomic fractions estimate (atomic%) by EDX.
Specimen Ca F Tm o
3-RT 32 58 2 7
3-600-1h 29 51 4 15
3-600-3h 30 59 3 8
3-600-7h 31 55 3 11
Blend (3 mol%) 32 63 2 3

directly. In this sense, the results show that no significant changes in
composition were found due to thermal preparation of the samples.

For the SEM mapped regions, shown in the insets (b), (d) and (f), 3-
600-3h sample displays a micrometric grained structure, which is in
contrast to the other specimens with large accumulation areas of Tm,
which are displayed as red circles. Several areas of Tm accumulation
displayed a non-homogeneous distribution, although average homoge-
neity was maintained. Therefore, spectra and composition maps showed
that the SEM mapped regions can be considered representative of each
specimen regarding their average homogeneity.

Fig. 5 shows the SEM/EDX composition analysis and map of 3-RT.
Note that insets (a) and (b) also display a similar pattern to that of
Figs. 1-3, with the white, orange and red circles enclosing areas of Ca,
Ca-Tm mixed and Tm respectively. Moreover, no significant compo-
sition changes were found among the EDX spectra of the 3-RT, shown
in inset (c), and those EDX spectra of the thermally prepared speci-
mens in Fig. 4.

3.2. SEM/CL-RGB images

CL-RGB images are displayed in insets (a, b, ¢, d) in Fig. 6. Violet
contrasts have been recorded in the 400-495 nm wavelength range,
particularly for specimens 3-RT and 3-600-1h, shown in insets (a) and
(b) respectively. This displays intrinsic CaF, luminescence. Further-
more, a new blue emission can be seen for specimens 3-600-3h and 3-
600-7h which was not found for specimen 3-600-1h. A few lumines-
cent areas CL-B were marked with white rectangles on the CL-RGB im-
ages, as displayed in insets (c) and (d), which can be seen to show less
sharpness than those of insets (a) and (b). It should be mentioned that
the sharpness of the image depends on the geometry of the sample.
Owing to the fact that the image is taken using a very slow shutter speed
(about 1 h), samples with longer heat treatments (3 h, 7 h) seem to be
more easily altered by the irradiation of energetic electrons. In spite of
this, the most contrasted blue CL emission was shown by the specimen 3-
600-3h.

Figs. 2 and 3 were also marked where CL emission contrasted by CL-
B, as described above. It can be seen that there is almost no accumula-
tion of Tm in these luminescent areas.

The blue emission could be contrasted because the pronounced green
emission (495-590 nm) of the samples was omitted in the CL-RGB. The
green emission was only analysed with the CL spectra, which is shown in
Fig. 7a, b, 7¢, 7d.

3.3. CL spectra

Fig. 7a presents the CL spectra of the raw materials CaF; and Tm30s3.
The CL spectra of CaF; show two broad maxima at 290 nm and 550 nm.
The first maximum corresponds to structural defects of fluorite, which



R. Rodriguez et al.

Ul Scae 105261 cls Qurser: 0162 (0cts)

F

¢
G | Tn fin m oy
a T T T T T T |A_ T

1.2 38 & & 6 1 @8
Ul Seale 16264 s Qursor, 06T (2503 k)

n
in Tn
n . ImeT T"“
n n T

0 1 2 3 4 5 6 171 8 98 0 4
Ul Seale 53083 fs Cursor: 0125 (0s)

Electon Image 1

Fig. 4. ESEM/EDX of the specimens 3-600-1h, 3-600-3h and 3-600-7h:
composition spectra (a, ¢, ) and mapped regions (b, d, f).

are described as F centre, H centre, I centre, anion vacancy and/or Vi
centre (F>~ molecular ion), and the second to point defects of some
luminescent impurity that is supposed to be Mn?* at sites of Ca?"
because of its presence in natural fluorite (0.08%) and its strong CL
emission around 560 nm (Topaksu et al., 2016), which is overlapped on
the minor luminescence of the other metallic traces as shown by the
wide waveband in the CL of the fluorite used. By contrast, a weak and
broad CL emission from 440 nm up to 470 nm was recorded for the
specimen treated at 600 °C for 3-hrs (Fig. 7c), which was not shown by
the specimens treated for 1-hr and 7-hrs (Fig. 7b and d). Table 2 shows
the Tm3* transitions reported by spectral TL (Vasconcelos et al., 2014;
Madhusoodanan et al., 1999; Wanwilairat et al., 2000), which could
include the CL emissions at 454 nm and 461 nm shown by the TmyO3
sample in Fig. 7a. Certainly, the identification of TmyO3 emissions at
454 nm and 461 nm does not guarantee that the broad emission of the
specimen 3-600-3h around 460 nm were produced by the reported
transitions, although it is quite possible that thermal diffusion of Tm had
occurred in the CaFy matrix.

CL Spectra of 3-RT and CaF; are similar, although reduced because
the compaction with TmyOj3 attenuates the CaF; emission. TmyO3 is not
observed because there is little in the sample and the signal decreases
due to the surrounding CaF,.

4. Discussion
In an attempt, to find a simple annealing procedure in air, nearly
pure thulium oxide and calcium fluoride were used to make pellets of a

Radiation Physics and Chemistry 188 (2021) 109621

novel luminescent material. The choice of Tmy03, which already has its
lattice saturated with oxygen, could prevent external oxygen contami-
nation at temperatures well below the melting point, as opposed to TmF3
(the usual form of dopant) which oxidizes rapidly and requires an
oxygen-free atmosphere. Despite the possibility of oxygen contamina-
tion with the use of the oxide form and the annealing, EDX showed no
major oxygen contamination in the CaFy phases, although ppm (not
reliably detectable by EDX) could result in luminescent changes.

The lowest accumulation of Tm in 3-600-3h suggests either the
highest surface migration of Tm in the luminescent areas or simply the
limited presence of the activator. Due to the fact that no composition
changes were found in the analysed area, the first can be assumed.

The fundamental improvement of the CL spectra versus photo-
luminescence (PL) is due to the CL excitation source (25 keV electron
beam) which has a much higher energy density than UV-vis light used by
PL. This allows a broader typology of materials to be studied for CL
characterization purposes., e.g., the high CL efficiency permits the
detection and analysis of low emission samples. The photons produced by
CL come from recombination either inter-band or through LCs. During
the thermal preparation of pellets, many stable trapping centers can be
formed like those reported for one month storage by TL of 3-600-3h in a
previous work (Rodriguez et al., 2020). When inner electrons are
released by energetic electron beams (25 keV), CL emission is also pro-
duced by recombination in available LCs. The contrast of CL-RGB images
is due to the variation of the recombination probabilities from one area to
another in the SEM mapped region. Then, the images also provide
emission maps with a high resolution that displays a distribution of the
LCs in the region. Specimen 3-600-7h also exhibited CL-B luminescence,
shown as dotted forms, although it did not display a grained structure like
3-600-3h. The dotted luminescent sites are also related with a low con-
centration of Tm, as can be seen within the white rectangles. Therefore,
the blue CL emission displayed by specimens 3-600-3h and 3-600-7h
accords with Tm®" blue emission referenced by different techniques
(TL, OSL, UC, NUV-e) in Table 3. The most contrasted blue emission for
3-600-3h can be attributed to a new LC due to the highest activation in
the CaF, matrix. This CL-B emission matches with the CL spectra found
for 3-600-3h at 460 nm and, also, for Tmy03 at 454 nm and 461 nm.

The most interesting result of this contribution is that the 3 h anneal
produces a more uniform distribution of the cations which leads to areas
of intense blue emission. Meanwhile, the 7 h anneal results in additional
Tm-phase clumping and decreases the blue luminescence. This effect,
known as “too long in the furnace”, resulted in two different types of
luminescent structures: one intense and wide (3 h) and another weak of
dotted forms (7 h), which are widespread in the CL-B analysed regions.
Therefore, it may just be related to the annealing time at 600 °C.
Thermodynamic equilibrium of the specimens does not last at 600 °C.
Owing to the fact that the 1-hr specimen does not display any of these
luminescent structures that are seen in longer annealing processes (3 h
and 7 h), this balance seems to be lost beyond 1 h of annealing. Past 1 h
of annealing, the CaF, matrix begins to exchange enough energy with
the Tmy03 activator to produce certain thermal diffusion effects that
lead to migration of impurities and defects in the lattice. This gives rise
to the greater blue emission of the sample, reaching an emission
maximum before 7 h in the oven. This thermal effect is probably due to a
dopant clustering effect or an enhanced oxidation process which is
related to a longer annealing time. It is well known that dopant clusters,
or oxygen, give rise to the quenching and reduction of dopant related
luminescence (Kautsky, 1939; Omary and Patterson, 2017). CL intensity
would be reduced with respect to time exposure due to non-radiative
de-excitation processes that occur via energy transfer mechanisms be-
tween dopant and its environment, leading to form clusters. The
resulting ground state cluster is not luminescent and, therefore, the
concentration of free dopant decreases upon its clustering.

These results using different annealing times at 600 °C can be used to
optimize phosphor preparation by adjusting the heating parameters for
applications in radiation dosimetry (Rodriguez et al., 2020). Therefore,
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Fig. 5. ESEM/EDX of the blend specimen (3-RT): maps of Ca (a) and Tm (b), composition spectrum (c) and mapped region (d).
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Fig. 6. ESEM/CL-RGB images of specimens: 3-RT (a), 3-600-1h (b), 3-600-3h
(c) and 3-600-7h (d). ESEM/CL-RGB images were recorded at the same re-
gion of ESEM/EDX analysis.

time and temperature will operate as critical parameters to enhance
luminescence in this procedure. In addition, preparation by making the
finest grain and distributing it as homogeneously as possible will facil-
itate thermal migration for micrometric grain distribution in the matrix.

The simple preparation procedure of this low-cost material can also
be used to improve thermal activation: the first one optimizing the pa-
rameters (concentration, pressure, time, temperature) of the process,
and the second using other forms of the raw materials. This method can
also be attempted with other materials using different REE as activators
and other ionic solids with similar characteristics (lattice structure, ionic
radius, electronegativity, oxidation state).

5. Conclusions

In this work, the fabrication and microanalysis characterization of
an easy-to-obtain and low-cost luminescent material have presented
here. A combined method of pressure (60 MPa) and thermal treatment
giving rise to pellets of a phosphor consisting of a mixture of Tmy03
and CaF; was carried out. SEM/EDX microanalysis permits to conclude
that all specimens were homogeneously prepared and no elemental
composition changes can be highlighted because of preparation pro-
cess. On the other hand, the SEM/CL-RGB images of the phosphor
displayed a LC in the blue wavelength (450-475 nm), which can be
attributed to the material fabrication. The proposed optimization
process and characterization methods not only allow the improvement
of sensitivity of the prepared luminescent specimens, while optimizing
the concentration and heating parameters, but it can also be used for
the fabrication of other luminescent materials from another matrix
that can be activated by REE oxides.
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Fig. 7. CL spectra: raw materials (a) and specimens 3-600-1h (b), 3-600-3h (c) and 3-600-7h (d).

Tm emission by spectral CL (this work) and spectral TL.

G, (@his work)

Electronic

TL

TL

TL

Emission (nm) Transition (Tm®") Emission (nm) (Vasconcelos et al., 2014) Emission (nm) (Madhusoodanan et al., 1999) Emission (nm) (Wanwilairat et al., 2000)
294 3Py _ He 290
316
341 347
361 D,y _ *Hg 361 360 356
406
434
454 D, . %F4 452 450
3Py _ %Fy4 455
461 1G4 - %He 479 465 482
626
636 G, _ %F, 652 650 650
Table 3
Blue emission of Tm by CL-RGB (this work), TL, OSL, UC and NUV-e.

Gl (¢his work) Electronic Transition TL Emission (nm) (Madhusoodanan OSL UC Emission (nm) (Cao NUV-e Emission (nm) (Cai
Emission (Tm®*) et al., 1999) Emission (nm) (Asfora et al., 2008) et al., 2014)
(RGB) et al., 2016)
Blue D, - %F, 450 457 452

3py — °F4 455

1G4 — %He 465 475 475
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