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Tungsten gallium-phosphate glasses with composition NaPO3-20Gay03-xNagWO4 (x = 0, 1, 3, 5 and 10% mol)
were synthesized by the melt-quenching technique with high chemical stability and excellent optical properties,
and evaluated as potential intrinsic glass scintillators. Fourier-transform infrared measurements showed a
decrease in the amount of OH" groups for increasing Na;WO4 contents, while X-ray photoelectron spectroscopy

revealed the presence of sole W°" species. Optical transmission measurements showed a high level of trans-
mittance (~90%) over a broad spectral range (400 to 2500 nm). Luminescence was found to correspond to a
broad emission characteristic of the WO3~ complex that can be excited by ultraviolet and X-rays with average
lifetimes ranging from 32 to 20 ps. At cryogenic temperatures, the NaPGaW glasses showed a significant increase

in the luminescence emission.

1. Introduction

Ionizing radiation, such as X-rays, is present in medical, scientific
and security applications such as radiography, crystallography,
elemental identification and surveillance [1]. Particularly, the materials
science research has been greatly benefited through the opening of a
new era of X-rays imaging analysis [2]. In order to ensure effective and
safe use of X-rays, proper handling, detection, and dose determination
are paramount. Concerning X-ray detection, most of the detectors are
based on the scintillation phenomenon which consists in the conversion
of the ionizing radiation into ultraviolet (UV)-visible light [3]. Scintil-
lation can be categorized as either extrinsic when optically active ions
are doped into the scintillator host material, or intrinsic when functional
groups within the structure of the material are responsible for the light
emission. Whichever the mechanism, the visible emission from the
scintillator is collected and converted into an electrical signal by highly
sensitive photomultiplier tubes (PMT) [2,4].

Traditional crystalline scintillators present optimum performance
but, nonetheless, the manufacturing methods of single crystals are
usually complex, costly, time-consuming and limited with respect to
obtaining large sized materials, hindering widespread commercial use of
scintillators. The advantages of the chemical stability, lower fabrication
cost, already-in-place high-volume industrial fabrication of glasses, in
various sizes and shapes, are strong incentives for the development of
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new glass scintillators [5]. Glass compositions containing tungsten
oxy-anionic complexes such as [W06]6’ and [WO4]2’ can be a partic-
ularly promising alternative for monocrystalline intrinsic scintillators.
Their emission generates a high number of photons over a broad spectral
region possibly resulting in superior signal-to-noise ratios and short
integration times. To the best of our knowledge, tungsten
gallium-phosphate glasses have not been investigated as scintillators. In
this work, we report on the fabrication and characterization of glasses in
the compositional system NaPOgs - GapO3 - NagWO4 with variable con-
centration of tungsten as potential scintillators for X-ray detection.

2. Experimental procedure

Tungsten gallium-phosphate glasses, hereafter referred to as NaP-
GaW, were prepared via the melt-quenching technique according to the
stoichiometric compositions (80 - x) NaPOs - 20 Gag0s3 - x NagWO4 (x =
0, 1, 3, 5 and 10% mol) as summarized in Table 1. The powders of the
raw materials were thoroughly mixed in an agate mortar and melted in a
platinum crucible in a furnace at 1000 - 1050 °C, depending on the
NayWO, content. Approximately 8 x 8 mm? and 2.5 mm thick polished
plates of the NaPGaW glasses were used for the optical transmittance,
absorption, Fourier-transform infrared (-FT-IR) absorption, photo-
luminescence excitation (PLE) and emission (PL) measurements at room
temperature. For the photophysical characterization, we secured that all

E-mail addresses: augustolodi@usp.br (T.A. Lodi), andreasc@ifsc.usp.br (A.S.S. de Camargo).

https://doi.org/10.1016/j.jnoncrysol.2022.122097

Received 18 September 2022; Received in revised form 14 December 2022; Accepted 17 December 2022

Available online 22 December 2022
0022-3093/© 2022 Elsevier B.V. All rights reserved.


mailto:augustolodi@usp.br
mailto:andreasc@ifsc.usp.br
www.sciencedirect.com/science/journal/00223093
https://www.elsevier.com/locate/jnoncrysol
https://doi.org/10.1016/j.jnoncrysol.2022.122097
https://doi.org/10.1016/j.jnoncrysol.2022.122097
https://doi.org/10.1016/j.jnoncrysol.2022.122097
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jnoncrysol.2022.122097&domain=pdf

T.A. Lodi et al.

Table 1
Glass label, nominal composition (mol%) and energy gap (eV) of NaPGa and
NaPGaW glasses.

Glass label Nominal composition (mol%)

NaPO, Ga,03 Na,WO,
NaPGa 80 20 -
NaPGaw1 79 20 1
NaPGaw3 77 20 3
NaPGaWw5s 75 20 5
NaPGaw10 70 20 10

the studied samples had the same dimensions. For the X-ray photo-
electron spectroscopy (XPS) and radioluminescence (RL) measurements,
the glasses were ground and used in the powder form.

FT-IR analysis was carried out using an Agilent Cary 630 spectrom-
eter operating in attenuated total reflection (ATR) mode. XPS analysis
was performed with a ScientaOmicron ESCA+ XPS spectrometer
equipped with a high-performance hemispherical analyzer (EAC2000)
with monochromatic Al Ka radiation (hv = 1486.6 eV) as the excitation
source. XPS spectra were recorded at constant pass energy of 20 eV with
0.05 eV per step for the high-resolution spectra and the data were
analyzed using the CASA XPS software. The optical transmission and
absorption measurements were carried out using a UV-Vis-NIR Perkin-
Elmer double-beam spectrometer model Lambda 1050 in the range
250-2500 nm, with a spectral resolution of 1 nm. The PLE and PL spectra
of NaPGaW glasses were recorded with a HORIBA Jobin Yvon spectro-
fluorimeter model Fluorolog-3 equipped with a 450 W CW Xenon arc
lamp as the excitation source. The excited state lifetime values were
measured in the same spectrofluorimeter using a pulsed Xe lamp, and
the decay curves were analyzed using the DAS6 software. Temperature-
dependent experiments (80-300 K) were carried using the same equip-
ment coupled to a temperature controller model Linkam THMS600. RL
measurements were recorded with a Freiberg Instruments Lexsyg
Research spectrofluorimeter using a Varian Medical Systems VF-50J X-
ray tube with a tungsten target as the X-ray source. More details can be
found in Ref. [6].

3. Results and discussion

Fig. 1(a) shows a photograph of a representative NaPGaW glass
sample in ambient light highlighting its high optical transmittance, and
1(b) shows the luminescence of the whole series of glasses under UV
excitation where the glasses were placed in ascending order of NayWO4
content (left to right). The first glass shown on the left in Fig. 1(b) does
not have NaaWOy in its composition. All NaPGaW glasses are colorless,
transparent, and are non-hygroscopic.

3.1. Infrared absorption spectroscopy (FT-IR)

FT-IR spectra of NaPGa and NaPGaW glasses in the frequency region
between 4000 and 700 cm™! are presented in Fig. 2. A broad band
centered at approximately 3300 cm ™! (a) can be observed, which is
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attributed to symmetric stretching of OH groups present in the glass
structure [4]. In the inset, a magnified view of this region is presented,
evidencing the decrease in this band as a function of NayWO4 content.
This is an indication of increased chemical stability of the NaPGaW
glasses for increasing Na,WO4 contents. The band located between 2300
and 2200 cm ™!, observed in the spectra of all glasses, is assigned to
molecular CO; present in the atmosphere [7]. The band centered at 1640
cm ! (b) is assigned to the bending vibration mode of OH" groups [4,8].
The low relative intensity of the OH" related bands indicates the excel-
lent quality of the NaPGaW glasses. In the frequency range 1300 to 650
em™ !, four bands can be observed. The band at 1150 em™! (c), evident in
the spectra of the NaPGa, NaPGaW5 and NaPGaW10 samples, is
attributed to the asymmetric vibration of PO4 units. The band at 1050
em™! (d) is attributed to symmetric stretching modes of tetrahedral Q°
groups (PO4)3' [9], while the band at 870 em ! s assigned to P-O-P
asymmetric bending vibrations. These last three bands do not change
significantly with increasing NayWO, content. A different behavior can
be noticed at 750 cm ™, a band attributed to the presence of symmetric
stretching modes of the bridging oxygen (Op) bonded to a phosphorus
atom in a Q? phosphate tetrahedron [10]. This band disappears when
NapyWOy4 is added, indicating that the addition of NaoWO, favors the
depolymerization of the phosphate network.

3.2. X-ray photoelectron spectroscopy (XPS)

Seeking for a better comprehension of the origin of the broadband
emission of NaPGaW glasses (discussed below), an investigation of the
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Fig. 2. FTIR spectra of representative glasses. The inset shows a magnified view
of the region where the stretching mode of OH' is located.
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Fig. 1. Photographs of the NaPGa and NaPGaW glass samples: (a) a representative glass in ambient light and (b) the whole series of luminescent glasses under UV

light (300 nm).
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Fig. 3. XPS high-resolution spectra of a) tungsten 4f, b) gallium 2p, and c¢) phosphor 2p of the NaPGaW5 glass.

Table 2
Peak positions (in eV) obtained from curve fitting of the P 2p, Ga 2p, and W 4f
XPS spectra of the NaPGa and NaPGaW glasses.

Glass label Peak position (eV)

W 4f Ga 2p P2p
NaPGa 1144.8 133.9
1118.0 132.9
NaPGaw1 37.6 1145.1 134.0
35.5 1118.2 133.0
NaPGaWw3 37.7 1145.2 134.0
35.5 1118.3 133.0
NaPGaWw5s 37.7 1145.2 134.1
35.6 1118.3 133.2
NaPGaw10 37.6 1145.2 134.0
35.5 1118.3 133.0

samples by high-resolution XPS was carried out. Fig. 3 shows the W 4f
(a), Ga 2p (b), and P 2p (c) XPS spectra of the representative glass
NaPGaWs5. In the XPS spectrum of W 4f level, two peaks centered at 37.7
and 35.6 eV are fitted by Lorentzian-Gaussian functions and are attrib-
uted to the W 4f5,5 and W 4f;; levels of the WO jon, respectively. The
presence of other oxidation states of W was not observed, confirming

that the broadband observed in the visible region is attributed to hex-
avalent tungsten. Furthermore, Fig.s 3 (b) and (c) presents the XPS
spectra of the Ga 2p and P 2p core levels, respectively. For the Ga 2p core
level, two peaks centered at 1145.2 and 1118.3 eV can be observed,
which correspond to, respectively, the binding energy (Ep) of electrons
in the 2p; /5 and 2ps,; levels of gallium in the Ga®' valence state [11].
The XPS spectrum of the P 2p core level (see Fig. 3c), in turn, is
decomposed into two peaks with Ey, = 134.2 and 133.1 eV and with an
energy difference between these peaks AE, = 0.9 eV, AE,, characteristic
of 2p; 2 and P 2p3/» [12]. The binding energies of these elements for all
glass samples can be found in Table 2, which clearly shows that there are
no significant changes as a function of the Na;WO,4 content. Interest-
ingly, we did not observe any significant change in the W 4f spectrum of
the NaPGaW10 glass that could corroborate our hypothesis of the
presence of different W species in this glass in comparison to the other
glasses with lower concentrations of NaaWO,4. We tentatively attribute
this to the small concentration of the other W species coupled to the
sensitivity of the XPS detection system.

3.3. UV-Vis-IR absorption spectroscopy

Fig. 4 shows the optical transmission spectra of NaPGaWx (x = 0, 1,
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Fig. 4. (a) Transmittance spectra of the NaPGaW glasses in the UV, visible, and near-infrared ranges and (b) redshift as a function of tungsten content.
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Fig. 6. Left: Structure of Na;WO, and WO3~ tetrahedra. Right: Schematic en-

ergy level diagram (not to scale) of the emission processes in the WOZ~ complex
in the scheelite structure.

3, 5 and 10 mol%) glasses in the UV-Vis-IR spectral region. All the
samples exhibit high transparency (=~ 90%) in the 400 to 2500 nm range,
indicating that these glasses are suitable as hosts for various luminescent
dopant ions. By increasing the content of NagWOy, the absorption edge
of the NaPGaW glasses shifts towards longer wavelengths (cf. Fig. 4).
This shift can be explained by the increase of the covalent character of
the vitreous network, which is attributed to the insertion of WO, poly-
hedra between PO4 units of the phosphate network [13]. Since the op-
tical energy gap arises from the electronic transitions from the
conduction band to the valence band, it can be inferred that the pro-
gressive incorporation of Nap,WOy in the vitreous network reduces the
optical energy gap between these bands.

3.4. Photoluminesce excitation and emission

The photoluminescence excitation and emission spectra of NaPGa
and NaPGaW glasses at room temperature are shown in Fig. 5. It is noted
that the excitation spectra obtained by monitoring the emission at 570
nm could only be collected starting at 280 nm due to limitations of the
spectrofluorimeter detector. Consequently, only the excitation spectrum
of the NaPGaWS5 glass is presented for illustrative purposes.

In phosphors, crystals, and films of tungstates like CaWO4, BaWOy,

SrWO4, and PbWO4 [14-16], the excitation band covers a broad range
within the 200 ~ 350 nm spectral region, peaking at about 280 nm. This
excitation band is ascribed to the charge transfer band (CTB) from the
oxygen 2p orbitals to one of the empty tungsten 5d orbitals within the
WO3~ groups. This is consistent with our results shown in Fig. 5.

The emission spectra of the NaPGa and NaPGaW glasses were

collected upon excitation at 290 nm (solids lines in Fig. 6). The NagWO4
free glass (black line) does not present emission in this region, corrob-
orating that the emission observed in the other glasses is related to the
tungstate groups. The NaPGaWx glasses with x = 1, 3, 5, and 10 mol%
NayWO4 present a broad emission in the spectral range 420 to 800 nm.
The origin of the broad visible emission band presented by tungstates, as
well as molybdates, is quite polemical in the literature. It is generally
accepted, however, that the emission of tungstates and molybdates like
NayWO4, CaWO4, and CaMoO4 with scheelite structure results from the
radiative recombination of self-trapped excitons (STEs) localized at
WO%’ molecular ions [16-18]. It is also known that NayWOy is built up
by isolated tetrahedral WO3 ™~ units and that all the bonds in the structure
are terminal (i.e., two W=0 and two W-O~ [19]), as schematized in
Fig. 6. As indicated in the energy level diagram of Fig. 6, when excited
by short wavelength radiation (lAl - 1Tl,sz transitions) the WO3~
complex yields two emissions at 460 nm and at 520 nm. The blue
emission (3T2 - 1A1 transition) is attributed to the WO4 tetrahedron
while the green one (®T; = 'Ay) is attributed to WO5 defect centers
associated with oxygen vacancies, however, sometimes it is attributed to
intrinsic transitions in the WO%_ complex [20]. These two emissions are
clearly present in the spectra of NaPGaW glasses. Furthermore, a
component between 600 - 650 nm also seems to be convoluted in the
spectra of Fig. 5, which has been previously observed and is believed to
originate from the transitions in a WO3 group or higher tungstate
complexes, which once again indicates the presence of a variety of
tungsten species in the glasses [15,20].

Another interesting aspect shown in Fig. 5 is the fact that the in-
tensity of the broad emission band increases with increasing concen-
tration of NaaWO4 up to 5 mol%, and then decreases for higher
concentrations. We hypothesize that for higher tungsten concentrations,
the formation of additional anionic species such as the complex W»05 is
highly probable and the variations in intensity are related to the relative
contributions of these different species.

To evaluate the colorimetric performance of the NaPGaW glasses, the
emission colors were analyzed using the Commission Internationale de
I’Eclairage (CIE, 1931) chromaticity coordinates (x, y). For the most
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Fig. 7. CIE 1931 diagram of the representative NaPGaW5 glass.

emissive NaPGaWS5 glass, the CIE coordinates are shown in Fig. 7. They
are x = 0.38 and y = 0.46 while the correlated color temperature (CCT)
equals 4300 K. The other glasses showed no significant differences in the
values of chromaticity coordinates and color temperature and thus are
not shown in Fig. 7.

Motivated by an increasing number of applications of scintillators at
low temperatures, like cryogenic experiments searching for rare events
[21-23], we investigated the luminescence of NaPGaW glasses over a
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wide temperature range, as the luminescence resulting from STEs is a
process that exhibits strong temperature dependence. Fig. 8(a) shows
the variation of the PL emission response of NaPGaW5 glass over the
80-300 K temperature range. At lower temperatures, the lack of thermal
energy favors radiative recombination and higher emission intensities
are expected. Fig. 8(b) shows the integrated emission intensity as a
function of the temperature for the NaPGaW5 glass. At 80 K, the inte-
grated intensity is about 16x higher than at room temperature. In Fig. 8
(c), it is possible to observe that a progressive inhomogeneous broad-
ening of the band on the high energy side takes place for temperatures
above 80 K indicating vibronic coupling [24].

3.5. Luminescence decay lifetimes

The luminescence decay curve of the NaPGaW5 glass measured at
room temperature is shown in Fig. S2 along with the curve of the pulsed
laser decay (at 290 nm). Considering that the broad emission has con-
tributions from more than one luminescence center, the lifetime decay
curves were interpreted as a distribution of decay times. The decay
curves were fitted with three exponentials and taking into account the
different weights, with the resulting lifetime values ranging from 32 to
20 ps being considered as average values (Fig. 9). Overall, the average
lifetime decreases for higher Na;WO, contents, in agreement with pre-
vious reports in the literature for tungstate glasses and crystals [25,26].
Notably, a good compromise between emission intensity and a short
lifetime is achieved by the NaPGaW?5 glass.

3.6. Radioluminescence

To evaluate the capability of NaPGaW glasses to detect X-rays, RL
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Fig. 10. Radioluminescence spectra of the NaPGaW glasses under X-
ray excitation.

spectra of all samples were obtained at room temperature, as shown in
Fig. 10. A broad band centered at approximately 550 nm was observed,
similar to the one observed upon UV excitation. As discussed in the UV
case, the NaPGa glass did not present emission in this spectral region.
Contrary to the case of the PbWO, scintillator, in which the emission
mechanism arises from Pb?>" and WO3~ ions and energy transfer
mechanisms between radiating centers lead to a fast decaying but low
intensity scintillation at room temperature, in the case of the present
glasses the emission originates from the radiative recombination of self-
trapped excitons (STEs) localized at WO%’ ions [27,28]. The emission
intensity increases with increasing concentration of tungsten oxide up to
5 mol% and then decreases for higher concentrations, as also observed
for UV excitation. Whatever the excitation mechanism, UV or X-rays, the
emission bands of the NaPGaW glasses match very well with the spectral
sensitivity region of Si photodetectors and photomultipler tubes, being
in the same spectral region of the emission of the well and long known
scintillators Bi4Ge3012 (BGO) and CdWO4 [28,29].

Although it is not the aim of this work to propose our glasses as
promising substitutes for well-established commercial scintillator
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crystals as BGO, a comparison of emission intensities of samples with
very similar dimension and under the same experimental conditions
(Fig. S2) indicates that the emission of the glasses is incomparably lower
than the crystal, which is not surprising, given the different composi-
tions and nature of the materials. Still, this result indicates that, given
the previously mentioned cost and production constraints of crystal
obtainment, there are many opportunities for the development of glass
scintillators with, so far, very few reports in the literature. As to the new
tungsten gallium-phosphate glasses, they might find use in specific ap-
plications not requiring high levels of intensity.

4. Conclusions

Tungsten gallium-phosphate glasses were successfully synthesized
by the melt-quenching technique with high stability and excellent op-
tical quality aiming at the application in scintillating detectors. The
synthesized glasses present high optical transparency (~ 90%) in the
300-2000 nm region also enabling their use as transparent hosts for
active dopant ions. XPS analysis indicate the sole or predominant
presence of W®, in agreement with luminescence results, suggesting
that WO3~ complexes are the luminophore. The NaPGaW glasses present
a broad visible emission under UV and X-ray excitation ascribed to the
radiative decay of self-trapped excitons characteristic of the WO3~
complexes. At cryogenic temperatures, the NaPGaW glasses showed
enhanced luminescence intensity. The average luminescence decay time
for the NaPGaW glasses is in the order of 20-32 ps, compatible with
applications demanding a fast response. In summary, the results suggest
the NaPGaW glasses to be a potential glass scintillator, specially at
cryogenic temperatures.
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