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ARTICLE INFO ABSTRACT
Keywords: Luminescent Rare Earth (RE3+) doped phosphate glasses with molar composition (1-x)(60P,05 — 15Zn0 — 5A1,04
Niobium phosphate glass —10BaO - 10Pb0)-xNb,O5 (x = 0, 10, 20 and 30 wt%) doped with 1.0, 1.2 and 0.3 wt% of Eu,03, Yb,05 and

Rare earth ion doping
Energy conversion
Photoluminescence

Er,03, respectively, were prepared by conventional melt cooling. The glasses were characterized by optical re-
flectance, Raman scattering, and multinuclear (3'P, 2Al, and 93Nb) solid-state NMR spectroscopy. Monotonic 3!P
Downshifting chemical shift changes as a function of Nb,Os content are consistent with the successive formation of Nb-O-P
Glass structure linkages. Aluminum is found in four-, five-, and six-coordination, with a successive decrease in average coordina-
NMR spectroscopy tion number with increasing niobium content, while >Nb NMR indicates three distinct niobium environments in
these glasses. Incorporation of Nb,Os has the expected effects on refractive index values, optical basicity, optical
electronegativity, Urbach Energy, and the indirect bandgap, while RE3* emission properties are only slightly
modified. Under UV excitation, narrow emission bands are observed arising from 5Dy—7F; (J = 0, 1, 2, 3, and 4)
transitions of Eu3+. At least two distinct Eu3* lifetime values are observed, suggesting a spread of different ionic
environments within the glass structure. Co-doping with Er3*/Yb3+ promotes emission in the infrared region,
with a maximum of band emission near 1535 nm and a width of 30.65 nm under excitation at 980 nm. Based on
the results, these glasses may be potential candidates for energy conversion from infrared or UV region to the vis-
ible region and also infrared solid-state emitters.

1. Introduction materials relies on matrices with high mechanical resistance, chemical
stability, thermal diffusivity, thermal conductivity, and low phonon en-

Rare earth (RE3*) ion-doped glasses are important optical and lumi- ergy. However, certain low-phonon-energy glasses lack the mechanical
nescent materials for photonic applications such as lasers, lighting, and chemical resistance quality required for laser glasses and other
high-energy radiation sensing, optical thermometry, solar spectrum high-power devices [1-4]. Due to properties such as wide transparency
manipulation, bioimaging, and biosensing. The development of laser in the NUV-visible range, low phonon energies, isotropic refractive in-
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dexes, and their minimal propagation losses, phosphate glasses are ef-
fective hosts for RE3+ ions. Furthermore, when Eu3* ions occupy non-
centrosymmetric locations in the host, they show strong emission in the
red-orange region, around 612 nm arising from the >Dy—7F, transition
[5], whereas co-doping with Er3+/Yb3* promotes emission in the in-
frared region, with a maximum of around 1535 nm or then the emission
in the visible range assigned to the upconversion process.

The PZABP system (P,05-ZnO-Al,03-BaO-PbO) has been widely
previously investigated, due to a favorable combination of properties
such as high mechanical resistance with high thermal expansion coeffi-
cient, high refractive index, low melting trapalatemperatures, and high
thermal and chemical stability. PZABP glasses also may host RE3*
dopants at high concentration levels, which has been attributed to the
presence of the modifiers ZnO, BaO, and PbO [4,6-9].

The presence of Pb2+, Zn2+, and Ba2* network modifiers tends to
soften the glass network, while the intermediate oxide Al,0; has the op-
posite effect. This may also result in profound structural changes in the
RE3+ local environment, possibly resulting in more inhomogeneous ion
dopant distributions and thus a reduction in cluster formation [3]. The
inclusion of Nb,Os into oxide glasses presents several additional bene-
fits, mainly in optical non-linearity, vitrification, and glass stability
[10]. According to Wéjcik et al. [11] Nb,Og solubility may be improved
in glasses with high optical basicity, which quantifies the electron
donor power of the glass matrix and is a useful measure for comparing
different glass systems. This is especially relevant when these systems,
such as the phosphate glass series, present different levels of Nb,O5 con-
tent [12].

The present work investigates the structural, electronic, optical, and
spectroscopic properties of new glasses based on the PZABP composi-
tion (P,05-Zn0-Al,03-BaO-Pb0O) containing different concentrations of
Nb,Os (0, 10, 20, 30% by weight) and doped with 1.0, 1.2 and 0.3 wt%
of Eu,03, Yby,O3 and Er,03, respectively. The local structures of these
glasses have been characterized by Raman scattering and multinuclear
(?7Al, 31P, and 3Nb) solid-state nuclear magnetic resonance. Based on
an understanding observed physical properties and optical behavior we
propose possible applications as energy converters from UV and IR for
the visible light energy range, and also as possible optical amplifiers in
the 3rd telecommunication window.

2. Experimental procedure

PZABP (60P,05-15Zn0-5A1,05-10Ba0-10PbO) glass samples triply
doped with 1.0, 1.2 and 0.3 wt% of Eu,03, Yb,O3 and Er,0s3, respec-
tively, and incorporating 0, 10, 20 and 30 wt% of Nb,Os (for composi-
tions in wt.%, see Table 1) were prepared by the standard melt-cooling
process, as reported by Kesavulu et al. [3]. Starting materials were
P,0s, ZnO, Al,03, BaO, and PbO (Vetec — PA — 99.98%), Nb,O5 (CBMM
Brazil - 99.9%), and Er,03, Yb,03, and Eu,03 (Sigma Aldrich 99.99%).

Mixtures of precursors with different amounts of Nb,O5 were heat
treated at 150 °C for 1 h. Then, the mixtures were melted at 1350 °C for
30 min in an alumina crucible. Subsequently, the furnace temperature
was lowered to 350 °C, at which the samples were heat treated for 24 h,
to minimize the mechanical stress resulting from the thermal gradients
during the cooling. The glasses were subsequently cooled to room tem-

Table 1
Glass compositions (in wt.%) and glass transition temperatures of the samples.
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perature and polished on both sides using silicon carbide paper with
different degree of grains, to acquire a flat and parallel surface for opti-
cal studies. X-ray diffractograms, recorded on a Rigaku Ultima IV dif-
fractometer with Cu target (K, wavelength) operating at 40 kV and
20 mA, confirmed the absence of crystalline material (see Fig. SI 1).
Glass transition temperatures were measured on monolithic pieces by
differential scanning calorimetry using a Netzsch DSC-204 differential
scanning calorimeter, using a heating rate of 10 K/min.

Room temperature refractive indices were measured at 532.8,
632.8, and 1538 nm, using a Metricon Model 2021 refractometer based
on the prism coupling technique [13]. Raman spectra were recorded
operating a LabRam Horiba Jobin-Yvon spectrometer, using a diode
laser at 532.8 nm as excitation source, with acquisition time of 3 s, lens
with 10X for focal length and a detector with 600 gr/mm. The re-
flectance spectra were recorded using a SHIMADZU UV-1800 spec-
trophotometer with 5 nm slit width. Optical gap energy (E,) and Ur-
bach energy (UE) were determined from the experimental reflectance
spectra.

Room temperature photoluminescence data were measured on a
Horiba Scientific Fluorolog-3 (model FL3-22), equipped with a dual
monochromator in face front mode (22.5°), using a 450 W Xenon lamp
as an excitation light source in the visible range, with slit widths of 2
and 5 nm for the emission and excitation monochromators, respec-
tively. The R928P Horiba photomultiplier was used for visible range de-
tection. Luminescence decay curves were obtained using a pulsed lamp
with 150 W of power, and recorded on a SPEX 1934D phosphorimeter,
setting the excitation and emission monochromators to 392.5 and
612 nm, respectively, and their respective slit widths at 3 nm. The
emission spectra recorded in the infrared region (1400-1700 nm) were
measured using a diode laser excitation source at 980 nm with a
100 mW pump energy and a Hamamatsu H10330-75 photomultiplier
as a detector. All curves were fitted as biexponential decays, and mean
lifetime values were extracted from the data. Based on the emission
spectra, the chromaticity diagrams were built. The upconversion spec-
tra were obtained operating a Nanolog: Horiba Jobin-Yvon spectropho-
tometer using a 980 nm Collimated Diode Laser System as excitation
source operated at power levels from 1.5 up to 5 W, and a Hamamatsu
photomultiplier detection system ranging from 175 to 900 nm. Single
resonance 3P magic-angle spinning (MAS) NMR spectra were mea-
sured on an Agilent DD2 spectrometer interfaced with a 5.64 T magnet.
Samples were spun at 10 kHz within 4 mm rotors. The spectra were ac-
quired using 90° excitation pulses of 5 pis length, and a relaxation delay
of 80 s. 27Al MAS-NMR spectra were measured on a Bruker Avance Neo
600 MHz spectrometer (magnetic flux density 14.1 T), using pulses
with small flip angles of 15° (0.55 us length, MAS rotor frequency
vy = 60 kHz) and a relaxation delay of 1 s. 27Al{3!P} rotational echo
double resonance (REDOR) NMR measurements were also conducted at
14.1 T, on samples spinning at 20 kHz in 2.5 mm rotors in a commer-
cial triple resonance probe. The standard Gullion-Schaefer [14] pulse
sequence was used with 31P inversion pulses of 6.3 ps length. Approxi-
mate second moments My p), characterizing the strength of the 27Al-
31P magnetic dipole-dipole interactions were obtained by applying a
parabolic fit to the REDOR data within the range AS/S, < 0.2, according
to the expression [15]

PZABP Tgon / °C (£3°C) Tgin / °C (£3 °C)
Nb,O5 P,05 Zn0O Al,04 BaO PbO Er,03 Yb,03 Eu,03

PZABP 60.78 8.71 3.64 10.94 15.93 455 466

0 59.30 8.50 3.55 10.67 15.54 0.3 1.2 1.0 454 475

10 53.33 7.65 3.20 9.60 13.99 0.27 1.1 0.9 482 502

20 47.77 6.80 2,84 8.54 12.43 0.24 1.0 0.8 510 529

30 41.51 5.95 2.49 7.47 10.88 0.21 0.84 0.7 539 550
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In this expression, NT; is the number of rotor cycles multiplied by
the length of the rotor period, defining the dipolar mixing time, and f is
a scaling factor (a number between zero and unity) that reflects experi-
mental imperfections such as resonance offsets, n-pulse missets, and ef-
fects due to non-negligible pulse lengths in comparison with the dura-
tion of the rotor cycle. In the present investigation, we determined
f = 0.77, accounting for the discrepancy between the theoretical (van-
Vleck) and experimental My, p) value of the model compound AIPO,.
[16]

93Nb MAS-NMR spectra were measured on the same spectrometer in
a 1.3 mm rotor operated at a spinning speed of 60.0 kHz, using small
flip-angle pulses of 0.6 us length and a relaxation delay of 0.2 s. Chemi-
cal shifts are reported relative to 85% H3PO,, 1 M Al(NO3)3, and NbCls
solution using AlF;, BPO,, and LiNbO; as solid secondary standards. The
27Al and 23Nb MAS-central transition spectra were fitted according to
the Czjzek model [17] implemented within the ssNake data processing
and simulation program based on a wide distribution of quadrupolar
coupling constants.

3. Results and discussion
Differential scanning calorimetry

Fig. 1 shows the differential scanning thermograms in the glass
transition region. The main heat capacity change attributed to glass
softening is observed between 460 and 524 °C, with the corresponding
onset temperature increasing monotonically with increasing Nb,Osg
content. For the base glass, this thermal event is preceded by a minor
event at lower temperatures suggesting some partial compositional
segregation of the glass. For the Nb,Os containing glasses the DSC
trace in the glass transition region is superimposed by an upward
bending of the baseline suggesting an exothermic structural relaxation
phenomenon upon sample heating. The extent of this baseline devia-
tion increases with increasing Nb,O5 content. Furthermore, in analogy
to the work by Kuczek et al. on the glass system
P,05-Si0,-K,0-MgO-CaO-Fe,0O; [18] the glass transition tempera-
ture increases with increasing transition metal oxide content. T in-
creases with increasing Nb,Os contents have been observed in other
phosphate glasses [19] and in bioactive silicate glasses as well.

Raman spectroscopy

Fig. 2 shows the Raman spectra, indicating rather similar intensity
profiles. Aside from a weak shoulder near 890 cm~! no characteristic
bands arising from the niobium oxide constituent can be identified. No
evidence of crystallization was detected, since only rather broad bands
are found. The Pb-O bond vibration is observed at 125 ecm~! [20]. The
broad feature extending from 300 to 500 cm-! is attributed to the
bending modes involving bridging oxygen atoms associated with many
Q" species [21]. A broad band centered close to 720 cm~! which might
be deconvoluted into two components positioned at 665 cm~1 and 755
cm~! (dashed lines in Fig. 2) can be attributed to the vibrations of
bridging oxygen atoms, either within P-O-P or P-O-Nb linkages. If the
O atoms link to Q2 units, these bands are typically found below 700
cm~1, whereas O atoms linking two Q! units are typically observed
above 700 cm~1. In the Q" notation used here, the superscript n denotes
the number of P-O-P linkages present. The present data indicate that
the glasses contain both Q2 and Q! units, with a distinct increase in the
Q! fraction with increasing Nb,Os contents. In addition, this region
also contains vibrational stretching modes involving AlO, units [22,23]
The band at 890 cm~! is attributed to the vibrational mode involving
highly distorted NbOg octahedra [19,24], leading to successive spectral

Journal of Non-Crystalline Solids xxx (xxxx) 122173

t A - " T
5 ] g.0n
——
3
=
z
=}
= ]
®= | =
PZABP ~—0
PZABP 0 AW,
PZABP 10 \
——PZABP 20
PZABP 30 S
350 400 450 500 550 600
temperature / °C
560
. ] £.0n g
0 _ * .in (B) §
530 ] *
520
O 510+ 0
4 500 X
&~ 490 -
480 % Q
470 4 %
460 5
450 Q
440

T I T T 1
PZABP PZABP O  PZABP 10 PZABP20 PZABP 30
Fig. 1. (A) Differential thermograms of the samples under study. Onset and in-
flection points of the glass transition events are indicated by open circles and
asterisks respectively. (B): Plot of onset and inflection temperatures against
Nb,Os5 content. The notations PZABP and PZABP O refer to rare-earth free and
rare-earth doped base glasses The numerals in the other sample labels denote

Wwt% of Nb,Os.

broadening as function of Nb,O5 concentration Unfortunately, no in-
formation on the P-O bond-stretching vibrations involving non-
bridging O~ species could be obtained, because at wavenumbers be-
yond 1100 cm~! the corresponding scattering peaks are obscured by in-
tense sample fluorescence, even in Nb-free samples and in samples not
containing RE3*ions. This interference was observed on different spec-
trometers using different excitation wavelengths, and its origin is
presently unclear. Only in the sample PZABP, a small feature near
1180 cm™! is observed, consistent with the presence of Q2 units.

Solid-state NMR

Fig. 3 details the solid-state 3P MAS NMR spectra. For the Nb-free
samples, the spectra can be deconvoluted in terms of three Gaussian
components centered at —11, —28, and —40 ppm (see Table 2), which
can be attributed to Q!, @2, and Q? units, respectively. The effect of
RE3+ incorporation into the glasses is reflected in the 31P spectra by a
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Fig. 2. Raman spectra of the PZABP glass samples doped with 1.0, 1.2 and 0.3
wt% of Eu,03, Yb,03 and Er,03, respectively, containing Nb,O5 with 0.0; 10; 20
and 30 wt%.

—Q’ Q’
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80 60 40 20 0 —éO —éllt') —(:':0
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Fig. 3. 31P MAS NMR spectra of the samples under study and suggested spec-
tral deconvolutions into three or four Gaussian components (see Table 2). The
notations PZABP and PZABP 0 refer to rare-earth free and rare-earth doped
base glasses. The numerals in the other sample labels denote wt% of Nb,Os.

significant broadening of the three signal components, due to paramag-
netic interactions, while their positions are otherwise invariant. For the
Nb,Os5 containing glasses the above deconvolution model does not de-
scribe the 3P MAS NMR spectra completely. Rather, with increasing
Nb,Os contents, a fourth component near —19 ppm can be identified,
which increasingly contributes to the overall line shape. Based on this
composition dependence, we attribute it to a Q? unit interacting with
the niobium species in the structure. Consistent with the increasing
contribution of this signal component the average chemical shift of the
entire MAS-NMR spectrum moves gradually from —29 ppm, in the
Nb,Os free sample, towards —24 ppm in the sample with the highest
Nb,Os content, reflecting a monotonic change in the second coordina-
tion sphere of phosphorus.
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Table 2

31P NMR isotropic chemical shifts, d;,,, Gaussian broadening, Ib, area percent-
ages obtained from lineshape deconvolutions. Note that for all the samples,
the same chemical shift and line broadening parameters for the four individ-
ual deconvolution components were used. The numerals in the sample labels
denote wt% of Nb,Os.

Sample 8iso/ PPm (£ 0.2 ppm)
Q! Q* Q? Q3
-10.8 -19.4 -27.9 -39.6
1b / ppm (£ 0.2 ppm)
15.6 14.2 19.6 17.5
% (= 1%)
PZABP 5 - 79 16
PZABPO 8 - 73 19
PZABP10 11 10 64 15
PZABP20 13 19 58 10
PZABP30 17 23 52 8

Fig. 4 shows the 27Al MAS-NMR spectra, indicating the presence of
four-, five- and six-coordinated Al in all the glasses. While the six-
coordinated Al species are dominant in the niobium-free samples, Fig.
4 indicates a significant structural change as a function of composition:
with increasing Nb,Os content, the fraction of four-coordinate Al in-
creases significantly, becoming the dominant environment in the sam-
ple containing 30 wt% of Nb,Os. The 27Al isotropic chemical shifts are
consistent with a second coordination sphere that is completely domi-
nated by phosphate species. This conclusion is confirmed by the
27Al{31P} rotational echo double resonance (REDOR) results summa-
rized in Fig. 5, which show comparable dipolar second moments My(a).
p) to those measured in the model compound AIPO,.

Fig. 6 shows 93Nb MAS-NMR spectra of the Nb,Os-containing sam-
ples under study, revealing three featureless central transition compo-
nents flanked by low-intensity spinning-sidebands arising from the
central transition (m = *1/2 & m = F1/2) and numerous satellite

— Al AP —— Al°

PZABP 30

PZABP 20

PZABP 10

PZABP 0

LI N — T T T T T
150 125 100 75 50 25 0O 25 50 75 —100 —125

8 (*’Al) / ppm

Fig. 4. 7Al MAS NMR spectra of the samples under study. Fits to the data us-
ing the Czjzek distribution model are shown as dashed curves; the three com-
ponents due to Al4, Al5, and Al° units are shown in red, green, and blue, re-
spectively. The notations PZABP and PZABP O refer to rare-earth free and
rare-earth doped base glasses. The numerals in the other sample labels denote
wt% of Nb,Os.
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Fig. 5. 27Al{31P} REDOR dephasing curves of PZABP (a)) and PZABP30 (b)) together with crystalline AIPO,. The black, red, green, and blue curves show parabolic
fits to the data up to dephasing of AS/S, = 0.2 for AIPO,, and the Al4, Al5, and Al° units, in the glasses.
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Fig. 6. °Nb rotor-synchronized Hahn-spinecho MAS NMR spectra of the sam-
ples under study. Asterisks and daggers mark spinning sidebands from satellite
transitions and central transitions, respectively, while parentheses indicate the
overlap of central transitions with central transition spinning sidebands. The
numerals in the sample labels denote wt% of Nb,Os. Colored curves denote
simulations of the central transitions of the three distinct niobium sites ob-
served, using the Czjzek model of a wide distribution of quadrupolar coupling
constants.

transitions (+m < *(m *= 1)), with m = {3/2, 5/2,7/2,9/2}). Com-
pared to 23Nb NMR spectra of Nb,Os-containing glasses found in early
[25-34] and contemporary [23,35-37] works, the beneficial combina-
tion of the rather high magnetic field of 14.1 T and very fast MAS
(60 kHz) allows for an unprecedentedly high resolution. Thus, for the
first time — to the best of our knowledge — three distinct 23Nb local en-
vironments can be evidenced in glasses with peak-to-peak resolution.
The CT components can be well simulated by Czjzek distributions
[38] of quadrupolar interaction parameters; see Table SI-3. While in
Nb-containing oxide glasses mostly Nb in six-coordination is evi-
denced with isotropic chemical shifts near —1200 ppm, in the present
case shifts near —840, —1250, and —1555 ppm are found. Concerning
the high-frequency component, A, systematic work on crystalline Nb
compounds [39] reports four and five-coordinated Nb sites to resonate
with isotropic chemical shifts between —650 and —950 ppm, and

—920 and —-990 ppm respectively; for the former units rather high
quadrupole coupling constants above 70 MHz have been reported. In
the present case, the Czjzek fits suggest average quadrupolar product
(Pg) values of about 35 MHz, situated closer to five-coordinated Nb
sites, ranging from 10 to 50 MHz. The isotropic chemical shift of
about —1250 ppm observed for component B is typical for Nb in six
coordination as it is seen in many oxide glasses and crystalline Nb,Os.
Finally, the chemical shift of component C falls in the region of Nb in
seven-coordination, while quadrupolar coupling constants are similar
to those of NbOg units. In fact, in cases where the second Nb coordina-
tion sphere is dominated by other heteroatoms such as P or Ge, lower
chemical shifts are observed, and in Nb,Os—NaPO; glasses, a compo-
nent resonating near —1500 ppm was previously assigned to NbOg
units [29,40]. Fig. 6 indicates further that the spectra are only
weakly dependent on niobium contents. For specific peak assign-
ments to structural Nb-containing units, additional work on crys-
talline niobium phosphate model compounds and interaction-
selective 2D experiments will be necessary, as well as ab-initio calcu-
lations. All the NMR parameters extracted from NMR and REDOR
analysis are summarized in Tables SI 1-SI 3.

Optical properties

Room temperature optical reflectance spectra of Er3*/Yb3+/Eu3+
present in the glasses are shown in Fig. 7(A). The absorption peaks in
the reflectance spectra centered at 376, 380, and 393 nm are attributed
to the transitions from the ground state 7F, to the higher excited states
5Dy, 5G,, and 5Lg, of the Eu3™* ions. These 4f — 4f intraconfigurational
transitions are not allowed by Laporte's rule, and are observed due to
the relaxation of this rule, occurring for example via vibronic coupling
[19,41].

The absorption at wavelengths below 350 nm observed in all re-
flectance spectra of the glasses studied here is a characteristic of the PZ-
ABP glass matrix assigned to the oxygen ligand to metal (L—M) energy
transfer involving the 2p orbital of the ligand and the 4f orbitals of
Eud+, Er3+, Yb3* ions. Tauc's theory [42] was applied to obtain the
band gap (E,) values based on the experimental reflectance spectra for
each material. The band gap values obtained shift monotonically to
lower energy (3.98; 3.80; 3.68 and 3.55 eV) with increasing Nb,O5 con-
centration from zero to 30 wt%. The results presented in Fig. 7(A) and
(B) are in agreement with the degree of glass transparency observed
with the naked eye in the materials obtained. With increasing Nb,Og
content, a darkening of the glasses along with a loss in transparency is
detected (Fig. SI 2)). This behavior is related to the increase in molar
absorption, which is dependent on the concentration of Nb,O5 present
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Fig. 7. (A) Room temperature Reflectance spectra of a pure undoped PZABP
glass sample and glass samples doped with 1.0, 1.2, and 0.3 wt% of Eu,0s,
Yb,03 and Er,03 respectively, containing 0.0, 10, 20, and 30 wt% Nb,Os, (B)
Tauc's plot to calculate the band gap and (C) UV-Vis spectra for the rare-earth
doped samples.

in the glasses. In addition, increasing Nb,Os content produces a shift of
the band edge to lower energies, leading to a decrease in the value of E,
[19,43]. In addition, some Nb** species may be present, and the blue
coloration observed in some high-Nb glasses might arise from Nb5+ «
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Nb*+intervalence transfer. However, no corresponding absorption
band is observed, possibly as a result of the overall low transmission or
because the coloration is an interference or scattering phenomenon as-
sociated with the non-transparent fraction of the material. The presence
of the absorption band located between 500 and 700 nm, Fig. 7(C), for
glass containing 30 wt% of Nb,Os, is associated with the observed col-
oration. To document the electronic structure of the glass and its possi-
ble effect on the luminescence of the RE3* ions, the energy differences
between direct and indirect bandgaps and the Urbach energy are sum-
marized in Table 3.

In a study by Rego-Filho using a similar vitreous system based on
PZABP co-doped with Yb3*/Tm3"*, and applying the Davis-Mott model,
a band gap energy (E,) of 3.91 eV was obtained for an undoped sample.
This value is close to those calculated from the data in the present
study, which was 3.73 eV of the direct band gap and 3.75 eV of the in-
direct bandgap. Furthermore, the incorporation of the RE3* ions into
the previously reported glasses also led to a decrease in the band gap to
3.19 eV in the direct band gap and 3.14 eV in the indirect band gap. De-
spite the change in the band gap of the samples studied, it is only 14.9%
lower than that found for the sample not containing Nb,Os. This slight
change indicates that higher concentrations of doping can be accommo-
dated in the PZABP matrix without dramatic changes to its overall elec-
tronic structure.

Urbach's theory [44] was applied to assess the degree of disorder ex-
erted on the electronic structure of PZABP glass by the introduction of
Nb,Os.The Urbach energy decreases to 0.12 eV with Nb,Os levels of 10
wt%, then increases to 0.33 eV for 30 wt%, indicating that higher
amounts of Nb,Os increase the degree of disorder in the electronic
structure, as shown in Fig. SI 3 and Table 3. This behavior is similar to
that observed in borate glasses where Urbach energy values in the
range between 0.12 and 0.22 eV were observed, reflecting an increase
in the degree of disorder with increasing Nb,Os content [45]. This be-
havior was the opposite of that observed by Senthil, who worked with
tellurite glasses of composition TeO, ~-BaO-SrO-Nb,Os, for which the
increase in the amount of Nb,Os in the materials produced lower Ur-
bach energies [45].

Fig. 8 indicates that a nephelauxetic effect, verified by the increase
in optical basicity calculated from the work reported by Duffy and In-
gram [46], occurs upon increasing Nb,Os content. With increasing
Nb,Os5 concentration the electronic density distribution of the oxygen
atoms is modified. The optical basicity values used of each oxide pre-
sent in PZAPB glass composition were: Nb,Os = 1.05, P,O5 = 0.33,
Zn0O = 1.03, Al,0; = 0.6, BaO = 1.21, PbO = 1.19,
Yb,0; = 0.893, Eu,03 = 0.976 and Er,0; = 0.929 [47]. The polar-
ization of oxygen in the structure promotes this species as a Lewis
base. Based on the indirect band gap values (E,), the optical elec-
tronegativity was calculated from Duffy's equation [48]
Agpt = 0.2688 X Eg, see Table 3.

Table 4 lists the refractive index values measured at three different
wavelengths using the prism coupling technique. They increase as a
function of Nb,Os content. This is expected, because the refractive in-
dex increment value of the Nb,O5 component is higher than that of all
the other oxides present in the glass. The profiles of refractive index as
a function of wavelength are shown in Fig. SI 4. (see Table 4).

The excitation spectra, monitoring the emission intensity via the
5Dy — 7F, transition of Eu3* (612 nm), in the spectral range from 250
to 500 nm showed similar bands even with increasing concentrations of
Nb,Os at room temperature, Fig. 9(A). The 7F, — 5Lg transition
(392.5 nm) presents the highest intensity band of the intraconfigura-
tional transitions.

The emission spectra of PZABP materials can be seen in Fig. 9(B) un-
der excitation in the Eu3+ band (“Fy—5Lg) at 392.5 nm, recorded in the
range 550-750 nm. Table 5 lists the ratio of the integrated areas of the
transitions SDy—7F,/ °Dy—7F,, which correlates with the extent of cova-
lency, reflecting the asymmetry of the ligand environment [49-51].
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Table 3
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Optical Basicity (Ag) calculated based on the Duffy and Ingram [46] theory, Optical electronegativity (r,p), direct and indirect band gap values and the difference
A between them calculated based on the Tauc equation and Urbach energy UE using the experimental UV-vis spectra data of each oxide in the composition of the

glass as a function of Nb,Og concentration. All energies are given in units of eV.

Composition of the glass and optical and basicity parameters extracted from the experimental data

Y] Jopt Nb,Os  P,05 ZnO  Al,0; BaO PbO Yb,O;3  Eu,03  Er,O;  Direct band-gap (D) Indirect band-gap (I) A UE*
0.6418 1.0080 0 59.30 850 3.55 10.67 15.54 1.2 1.0 0.3 3.73 3.75 0.02 0.22
0.6827 0.9730 10 53.33 765 3.20 9.60 13.99 1.1 0.9 0.27 3.69 3.62 0.07 0.12
0.7249 0.9435 20 47.77 6.80 2.84 8.54 12.43 1.0 0.8 0.24 3.48 3.51 0.03 0.16
0.7643 0.8440 30 41.51 595 249 7.47 10.88  0.84 0.7 0.21 3.19 3.14 0.05 0.33

0.76435}F ) ' ' ! 'Y (A)
>
* 11.008 T
. \ = PZABP * (% of Nb,O,)
='0.72494 ] o = 7 5
= —_ =612 nm —
2 * 1097306 2 ) A om ) F-D,
] o =
[11] - c
S 0.68274 - . * logassei =
2 s 2
o 5 <
* -0.84403 5 -
064184 @ =
=
. ; . . ‘ , : N 10 %
0 5 10 15 20 25 30 %
% of Nb2°5 ‘E w_w 0 %
i L I (]
Fig. 8. Optical basicity and optical electronegativity as a function of Nb,O5 wt v T v T v T v T g
percentage in the PZABP glass samples doped with 1.0, 1.2, and 0.3 wt% of 250 300 350 400 450 500
Eu,03, Yb,05 and Er,0j3 respectively, containing Nb,Os at levels of 0.0, 10, 20, Wavelength (nm)
and 30 wt%.
(B)
Table 4 D__IF
Refractive index of PZABP glass samples with 1.0, 1.2, and 0.3 wt% of Eu,0s, 1PZA o) 2
Yb,0; and Er,0; respectively, containing Nb,Os at levels of 0.0, 10, 20, and — P BP i A ex = 392.5 nm
30 wt% at 532.8; 632.8 and 1538 nm for TE and TM modes. (the profile of ﬂ 1,21 ‘_
the refractive index as a function of Nb,O5 content and wavelength can be 'E {
verified in the Fig. SI 4.). s | o
Refractive Index -d ( A’ Of Nb205)
= 0,8
wt% of Nb,0 532.8 nm 632.8 nm 1538 nm ' ‘D—IF sp—7
2 Sﬁ 0'.41 1 o n F4
TE ™ TE ™ TE ™ > 5Do—--7 F,/ -|| I\ ot '.\ 30%
PZABP 1.5844  1.5847 1.5906 1.5908 1.5685  1.5683 I 044 — A\ ) | N2 3 e ‘HPI%“ Mt
0 1.5927 1.5923 15859  1.5856  1.5686  1.5650 e U4 [A \ _// \ 200
10 16223 1.6229 1.6160 1.6159 1.5959  1.5958 7] \™I \\__/\\._,, I,’lf ‘.‘LM.,{‘L
20 1.6544  1.6544  1.6430  1.6428  1.6207  1.6207 e Y. N e N 10% |
30 1.6796 1.6796 1.6688 1.6683 1.6439 1.6435 - \w—// OO/
. 9,
0,0 T T T
The ratio tends to decrease slightly from 4.17 to 3.25 with increasing 550 600 650 700 750

Nb,Os content, suggesting gradual changes in the local environment of
the Eu3* ions towards less covalent or more symmetric electron density
distributions. This change leads to a diminution of the value of the rele-
vant Judd-Ofelt parameter governing the luminescence emission cross-
section of the electric dipole-allowed >Dy—7F, transition.

The Eu3* lifetime values were recorded by monitoring the >Dy—7F,
transition (612 nm) under excitation at 392.5 nm, assigned to the
7Fy—°Lg transition, Fig. 10. The curves were fitted according to a bi-
exponential decay yielding the parameters listed in Table 5. We note
that the bi-exponential model is only one of multiple possibilities of fit-
ting the data; it is consistent with the presence at least two distinct
emitting species with different lifetimes. An alternative would be a
stretched exponential reflecting a continuous distribution of lifetimes
or the average excited-state lifetime values <z > at which the emission
intensity reached the fraction 1/e of the initial intensity value following
pulsed excitation. Table 5 indicates that these <z> values decrease
from 2.17 to 1.62 ms with increasing concentration of Nb,Os. They are

Wavelength (nm)

Fig. 9. (A) Eu* Room temperature excitation spectra monitoring emission at
612 nm, and (B) Room temperature Eu3+ emission spectra under excitation at
392.5 nm of the PZABP glass samples doped with 1.0, 1.2, and 0.3 wt% of
Eu,03, Yb,03 and Er,03 respectively, containing Nb,Os at levels of 0.0, 10, 20,
and 30 wt%.

like those reported in the literature for a phosphate glass system also
doped with RE3* ions in the presence of niobium [19]. The fitted decay
lifetime curves are depicted in Fig. SI 5.

The results indicate that Nb,O5 tends to reduce rare-earth lumines-
cence in PZABP glasses, due to stronger non-radiative processes and/or
cross-relaxation and reduction of total lifetime values. Another point
that must be considered is that increasing the amount of Nb,Os (refrac-
tive index 2.35 at 632.8 nm) changes the values of the refractive index
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Table 5
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Ratio of the emission intensities of the electric dipole allowed transition 5Dy—’F, and the magnetic dipole allowed 5D,—7F transition as extracted from the room
temperature Eu3* emission spectra, lifetime values deduced from the bi-exponential decay analysis and from the time <z> at which the emission intensity
reached the fraction 1/e of the initial intensity value following pulsed excitation, under excitation at 392.5 nm, and position and FWHM of the emission band po-
sitioned around 1550 nm as a function of Nb,O5 percentage, present in the PZABP glass, under excitation at 980 nm.

wt% of Ratio: t ty T Maximum Emission Peak at 1532 nm of Er3* (= FWHM of band positioned at 1532 nm (*+
Nb,O5 5Dg—7F,/°Dy—"F; (£0.1ms) (x0.1ms) (x0.1ms)* 1nm) 1 nm)

0 4.17 0.7654 2.4314 21727 1535.0 30.7

10 3.64 0.8026 2.2354 1.9124 1534.8 23.3

20 3.24 0.8297 2.1080 1.8427 1535.2 20.5

30 3.25 0.6551 1.9038 1.6000 1534.6 23.5

» Time at which the emitted intensity has decreased to a value of 1/e times its initial intensity.
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Fig. 10. Fluorescence decay of Eu3* emission at 612 nm of the PZABP glass samples doped with 1.0, 1.2, and 0.3 wt% of Eu,03, Yb,O3 and Er,0; respectively,
containing Nb,Os at levels of 0.0, 10, 20, and 30 wt% upon pulsed excitation at 392.5 nm, respectively, as a function of Nb,Os content. The inset presents the lin-
earization of the exponential curve. All fitted decay curves are presented in Fig. SI 8.

of the medium, which can lead to a reduction in the lifetime values of
the excited state [52-55].

Fig. SI 6 shows the emission bands verified in the region between
500 and 700 nm under excitation at 980 nm. They are attributed to the
upconversion phenomenon present in the system using Yb3+ as a sensi-
tizer in these samples. The emission bands located between 500 and
550 nm, 570 and 630 nm; and those between 630 and 700 nm are as-
signed to the transitions 2Hy; 5 — #15/5 (Er3+), 5Dy — 7F, (Eu3*) and
4Fg/5 — °lys,5 (Erd+), respectively. These can occur through different
mechanisms illustrated in Fig. SI 7. One of the suggested mechanisms
for the emission in the green region could be the excitation of electrons
from the 41,5, state of Er3* to the %I}, , state of the same ion and fur-
ther promotion from the 4I;;  state to the 4F, , state of the same ion by
a second photon. Subsequently, non-radiative decay mechanisms could
occur to the 2Hy;,» and S35 levels, promoting radiative decay to the
4I;5,o ground state, producing green emission. An alternative mecha-
nism may involve the Yb3+ ion as a sensitizer. Pumping at 980 nm pro-

motes the simultaneous excitation of Er3* and Yb3* between levels
“I15/o to 111 and from 2F; , to 2Fs,, respectively. Then the Yb3+ trans-
fers energy to the Er3* promoting the electron from the “I;;  level to
the 4F,, level. Following non-radiative decay, as explained previously,
green emission from the 2H;; , and 4Ss/, levels would be observed.

Emissions in the range between 630 and 690 nm observed in Fig. SI
6 are assigned to the Er®* ions, occurring from the 4Fq,, energy levels,
which can be populated via energy transfer from the Yb3+ ion or non-
radiative decays from the 4F;,,, 2H;; 5 and 4S3,, levels of the Er3+ ion.
The emission bands positioned between 570 and 630 nm are attributed
to hypersensitive 5Dy — 7F, emission of Eu3+, that is enhanced via en-
ergy transfer from the Er3+ and/or Yb3+ ions. The proposed mechanism
was also observed by Buarque et al. [56]

The graphs presented in Fig. SI 8 provide crucial information about
the number of photons involved in the upconversion emission process,
and the understanding of its possible mechanisms. The intensity of the
upconversion emission bands is related to the excitation pumping
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power according to the expression I a P, where I is the integrated emis-
sion area, P is the excitation source power and n is the number of pho-
tons involved in the process of excitation [57-59]. In accordance with
the results, the linear behavior observed in the double logarithmic plots
for all samples presents slopes with values between 1.38 and 2.24, indi-
cating that the numbers of absorbed photons are around 2; this suggests
that the upconversion mechanisms of the material occur through the
absorption of two photons.

The CIE coordinates obtained by the program SpectraChroma 1.0.1
[60] were based on their respective emission spectra. All the
PZABP:Eu3* samples show monochromatic emission in the visible-red
region under excitation at 392.5 nm (Fig. SI 9), with only a minor influ-
ence of the Nb,O5 content on the emission maximum and linewidth.
Furthermore, all emission spectra with excitation at 392 nm showed
emission bands associated with transitions between Eu3* energy levels.

The emission spectra in the infrared region between 1450 nm and
1650 nm of PZABP materials under excitation at 980 nm with 100 mW
of pumping power are shown in Fig. 11. Samples showed intense emis-
sion in the near-infrared region, with a emission peak maximum cen-
tered around 1535 nm. This band is assigned to the 4I;5,,—%1;5,, transi-
tion of the Er3+ ions [19,61,62]. Table 5 shows the central position and
FWHM values. Higher FWHM values are found in samples with lower
Nb,Os percentages. The observed emission around 1550 nm can be as-
sociated with Er3+ ion emission, which may be excited by the laser at
980 nm as excitation source, or else the Yb3* ions close by may be act-
ing as sensitizers transferring energy to Er3+ promoting this emission.
The possible mechanisms involved can be accompanied with reference
to Fig. SI 7 in the Supporting Information.

4. Conclusions

Nb,Os was successfully incorporated into RE3*-doped phosphate
glasses of the PZAPB system using the standard melt cooling method.
The glasses were structurally characterized by Raman spectroscopy
and by 31P, 27Al, and 23Nb solid state NMR. With increasing Nb,Os
content the increased participation of niobium in the second phospho-
rus coordination sphere is reflected by a monotonic change in the 31P
chemical shift, and the appearance of a new site, characterized by P-O-
Nb connectivity. Significant changes are also observed in the Al speci-
ation: with increasing Nb,O5 content aluminum becomes increasingly
four-coordinate. Furthermore, multiple Nb environments are resolved
in the 93Nb MAS-NMR spectra, possibly revealing sites with different
coordination numbers. Optical reflectance and luminescence studies

2.0
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Fig. 11. Emission spectra under laser excitation at 980 nm, at room tempera-
ture, of PZABP glass samples doped with 1.0, 1.2, and 0.3 wt% of Eu,03, Yb,04
and Er,05 respectively, containing Nb,Os at levels of 0.0, 10, 20, and 30 wt%.
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indicate that the RE3+ emission intensities and excited-state lifetimes
are only moderately affected by Nb,Os incorporation. Thus, the PZ-
ABP glass matrix reported here can be considered a promising candi-
date as a host for photonic devices. The refractive index can be fine-
tuned via the Nb,Os content, to meet requirements for specific appli-
cations. Also, incorporation of Nb,Os does not affect significantly the
up- and downshifting processes involving the RE3* dopants.

In addition, it is suggested that these glasses can be applied in UV fil-
ters, UV and IV band energy converters for visible, and even for applica-
tion in optical fibers in the 3rd Telecom window.
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