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Dual valence Eu-doped phospho-alumino-silicate
glass-ceramics containing BazAlOzPO,
nhanocrystals for W-LEDs

Xiaoman Li,®® Dengke Xu,? XueYun Liu¢ and Hai Guo {*?

Novel dual valence Eu-doped phospho-alumino-silicate glass-ceramics containing orthorhombic
BasAlOzPO4 nanocrystals were first fabricated by a traditional melt-quenching method and subsequent
heat-treatment in an air atmosphere. Their structural and luminescent properties were systemically
investigated by XRD, TEM analysis, and spectroscopic and fluorescence lifetime measurements. The
incorporation of Eu®* into BasAlOsPO, crystallites and the reduction mechanism of Eu** to Eu®t were
also discussed based on the optical analyses. Simultaneously, perfect white light emission was obtained
under 325 nm excitation. An improved anti-thermal quenching property was achieved resulting from the
successful enrichment of Eu" and Eu®* into BazAlOsPO, crystallites, which was evidenced by active
energy calculation. Our results indicate that these dual valence Eu-doped transparent BazAlOzPO4 glass-
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Introduction

White light-emitting diodes (W-LEDs), the next generation of
solid-state light source, have attracted more attention recently
due to not only their long lifetime, environment benefits and
energy saving but also their wide applications for lighting and
displays, such as general illumination, device indicators, back-
lights, and automobile headlights."> However, the efficiency of
W-LEDs fabricated by ultraviolet (UV) LED chips coupled with tri-
color phosphors is limited because of the strong re-absorption of
blue light by green and red phosphors.**® Compared to the
conventional phosphors used for W-LEDs, white emitting rare
earth ion (REI)-doped glass-ceramics not only present excellent
luminescent properties and better mechanical properties but also
show an epoxy-resin free assembly process' > with a lower
production cost and simpler manufacturing procedures. There-
fore, it is of urgency to design novel single-phased multi-activator
co-doped systems capable of emitting white light under UV chip
excitation, which is based on the luminescence and (or) energy
transfer between multi-activators.**>*

Among the luminescent activators, dual valence europium
ions have been widely used in luminescent materials. It is well-
known that the emission of Eu** ion consists of sharp lines in
the orange-red spectra region, while that of Eu®" ion is typically
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ceramics may have potential applications in W-LEDs.

broad in the blue-green spectral region.”**> Consequently,
a perfect white light emission may be achieved in appropriate
glass-ceramics by combining the sharp emission of Eu®*" and
the broad emission of Eu®*.3%3

For the glassy host, silicate glasses have attracted considerable
interest due to their low-cost, large tensile strength, high chem-
ical durability, and excellent thermal stability. In addition, with
the introduction of Al,O;, the solubility of REI will be increased
and the concentration quenching of luminescence will be
limited. Besides, P,Os, a kind of glass network modifier, may be
conducive to lower viscosity and improve the crystallization
process of glass-ceramics.®® Therefore, highly transparent
phospho-alumino-silicate glasses and glass-ceramics are consid-
ered as suitable hosts to obtain practically visible luminescence.

Herein, dual valence Eu-doped Baz;AlO;PO, based phospho-
alumino-silicate glass-ceramics were first fabricated by a tradi-
tional melt-quenching method in an air atmosphere. Their
structure and luminescent properties were systematically
investigated. Perfect white light emission and large active
energy were achieved under the excitation of UV light, which
makes these glass and glass-ceramics good candidates for W-
LED phosphors even at high temperatures.

Experimental

The glass samples with nominal composition 35Si0,-17Al,0;-
20BaCO;-20BaF,-8P,05-0.5EuF; (in mol%) were prepared by the
melt-quenching method. SiO,, Al,03, P,05, BaCOj3, BaF, (A.R., all
from Sinopharm Chemical Reagent Co., Ltd., China), and high
purity EuF; (99.99%, from AnSheng Inorganic Materials Co.,
Ltd., China) were used as starting materials. The well-ground
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stoichiometric chemicals were put into a covered alumina
crucible and melted at 1500 °C for 1 h in an air atmosphere. The
melt was poured onto a 300 °C preheated stainless-steel plate
and then pressed by another plate to form the precursor glasses
(labeled as PG), followed by annealing at 450 °C for 5 h to release
the internal stresses. Subsequently, the PG samples were heat-
treated for 2 h at 670 and 680 °C to form the transparent glass-
ceramics, which were labeled as GC670 and GC680, respec-
tively. All samples were cut and polished optically with a thick-
ness of 2 mm for further characterization and measurements.
The differential scanning calorimeter (DSC) curve of the PG
(powder, 10.0 mg) was collected on a STA449C Jupiter (Netzsch,
Germany) apparatus at a heating rate of 10 °C min~' in the
range of 40-950 °C in an air atmosphere. X-ray diffraction (XRD)
patterns were recorded on a Philips X'Pert PRO SUPER X-ray
diffraction apparatus with a Cu Ka radiation. Transmittance
spectra were measured on a U-3900 Ultraviolet-Visible (UV-VIS)
spectrophotometer (Hitachi). The microstructure of the glass-
ceramics was analyzed by a JEM-2010 transmission electron
microscope (TEM) (JOEL Ltd., Tokyo, Japan). The excitation,
emission spectra, and decay curves were recorded on an Edin-
burgh FLS920 spectrofluorometer equipped with a continuous
wave 450 W Xe lamp, a microsecond flashlamp (1F900), and
a nanosecond flashlamp (nF900) as excitation sources. Thermal
degradation experiments were also recorded on an Edinburgh
FLS920 spectrofluorometer by utilizing a homemade high-
temperature unit. All above measurements were carried out at
room temperature, except thermal degradation experiments.

Results and discussion

In order to determine the crystallization temperature of this Eu-
doped phospho-alumino-silicate glass, the DSC curve of the PG
sample was collected at a heating rate of 10 °C min " in the air
atmosphere, as exhibited in Fig. 1(a). An obvious crystallization
peak at 755 °C (T,) with a FWHM (full width at half maximum)
of 52.6 °C is observed. The glass transition temperature (T,) and
the onset of crystallization temperature (7..) are about 630 and
725 °C, respectively. Because of a large difference of 95 °C
between T, and T, 670 to 680 °C (40-50 °C beyond T,) can be
used as the crystallization temperature to obtain the glass-
ceramics. In this work, 670 and 680 °C were chosen as the heat
treatment temperatures for crystallization.

Fig. 1(b) shows the XRD patterns of PG, GC670, and GC680.
PG does not exhibit any discrete diffraction peaks, confirming
its amorphous nature. Moreover, as shown in the photographic
images of the samples (inset in Fig. 1(a)), PG exhibits good
transparency. The diffraction peaks of GC670 and GC680 match
well with that of orthorhombic Ba;AlO;PO, (JCPDS card no. 45-
0059), indicating that the BazAlO;PO, based glass-ceramics
were elaborated. The size of BazAlO;PO, nanocrystals can be
estimated by the following Scherrer's equation:*®

D = kB cos 0 (1)
where k = 0.89, A = 0.154056 nm represents the wavelength of

the Cu Ka radiation, @ is the Bragg angle, and § represents the
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corrected half-width of diffraction peak. Here, we used the
strongest diffraction peak with 26 = 29.3°, which corresponds to
the (222) crystal plane, for calculation. The mean crystalline
sizes of BazAlO;PO, nanocrystals in GC670 and GC680 are
estimated to be about 19 and 21 nm, respectively. Their crystal
volume fractions were found to be about 8.5% and 11.1% for
GC670 and GC680, respectively, by calculating the ratio of
integrating area of the peaks to total integrated area of the XRD
patterns. As another sign of the crystallinity, the densities of the
samples measured by Archimedes' principle are about 3.70,
3.72, and 3.83 g cm* for PG, GC670, and GC680, respectively.

The UV-VIS transmittance spectra of PG, GC670, and GC680
in the range of 200-850 nm are shown in Fig. 1(c). The char-
acteristic absorption peaks observed at 393 and 464 nm are
ascribed to the transitions from the “F, ground state to the Lg
and °D, excited states of Eu®",** respectively. The cut-off wave-
length of GC gets a red-shift compared to that of PG, which may
be attributed to the optical scattering of BazAlO;PO, nano-
crystals. Similar to PG, the GC samples maintain a perfect
transparency (up to 70%) owing to the smaller size of the
precipitated BazAlO;PO, nanocrystals compared to the wave-
length of visible-near infrared (VIS-NIR) light.** The trans-
mittance decreases gradually with elevating heat-treatment
temperature because of the larger size of nanocrystals and
crystallinity after further crystallization, which is reflected in the
photographs of the glass samples shown in Fig. 1(a).

The microstructure of the GC680 sample is characterized by
TEM and high-resolution TEM (HRTEM) images, as displayed in
Fig. 1(d) and (f), respectively. The TEM bright-field micrograph
and selected area electron diffraction (SAED) patterns reveal
that Ba;AlO;PO, nanocrystals with a polycrystalline diffraction
feature are homogeneously dispersed in the amorphous glassy
phase. The particle size distribution of Ba;AlO;PO, nanocrystals
in the GC680 sample is shown in Fig. 1(e). The results show that
the size of BazAlO;PO, nanocrystals is at a range of 14-34 nm
and the average size is about 21 nm, in accordance with that
estimated by the Scherrer's equation. HRTEM image displays
the resolved lattice fringes of nano-sized single-crystalline Bas-
AlO3;PO, clearly and the value of the associated interplanar
spacing d is about 0.314 nm, which is corresponding to the (311)
crystal plane of orthorhombic Ba;AlO3PO, (d(311) = 0.313 nm).

The excitation (Aem, = 613 nm) and emission (Aex = 393 nm)
spectra of Eu** ions in the PG and GC samples are given in
Fig. 2(a) and (b), respectively. Besides several characteristic
sharp peaks assigned to the 4f-4f transitions of Eu®" ions (350-
500 nm) from the ground state to the marked excited levels,
there is also a broadband at 263 nm originated from the well-
known O” -Eu*" charge-transfer (CT) band in the excitation
spectra monitored at the 613 nm emission. The strongest exci-
tation peak at 393 nm corresponds to the "F, — °L¢ transition of
Eu®" (ref. 33 and 34) and the excitation efficiency is apparently
intensified for the GC samples compared with that of the PG
sample. In the emission spectra excited by 393 nm, the char-
acteristic red emission peaks originating from Do, — "F; (J = 0-
4) transitions of Eu®" ions (570-720 nm) are detected.’’ The
luminescent properties of Eu** undergo significant changes
after crystallization. Compared to those of PG, the red

This journal is © The Royal Society of Chemistry 2017
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Fig.1 (a) DSC curve of PG, the inset shows the photographs of PG, GC670, and GC680 samples; (b) XRD patterns of PG, GC670 and GC680, and

the reference data of JCPDS card no. 45-0059 for orthorhombic BasAlOzPOy; (c) transmittance spectra of PG, GC670, and GC680; (d) TEM
image of GC680 and the inset is SAED patterns; (e) the size distribution of nanocrystals in GC680; and (f) high-resolution TEM image of GC680.

emissions at 613 and 702 nm of Eu®" ions of GC680 are
enhanced by 3 and 6 times, respectively. Stark splitting for >D,
— ’F, transitions of Eu®" ions is also observed after crystalli-
zation, as shown in the inset of Fig. 2(b). These phenomena
generally confirm the incorporation of Eu*" ions into BazAlO-
PO, nanocrystals with increasing the symmetrical environment
for Eu®*.3+% Fig. 2(e) shows the photographs of the PG and GC
samples under the excitation of 393 nm light. It can be seen that
all glass samples emit red light.

It is well-known that D, — ’F, electric dipole transition of
Eu’" is forbidden in the centrosymmetric environment, while
°Dy — F; magnetic dipole transition does not depend on the
symmetry of the environment that Eu*" is located in. As a result,
the intensity ratio R of °D, — “F, to °D, — ’F; emissions can be
taken as a spectral probe to detect the symmetry of local crystal
field that Eu®* is located in. A lower value of R suggests a higher
crystal symmetry.”®* In this work, the integrated intensity
ratios R calculated are 3.3, 2.5, and 2.4 for PG, GC670, and
GC680, respectively. Hence, the decrease of the R value after
heat-treatment is another evidence for the incorporation of Eu**
into the symmetric environment of Ba;AlO;PO, nanocrystals.

The fluorescence decay curves of Eu*" emission can further
evaluate the surroundings that Eu®" is located in. Fig. 3(a) shows
the decay curves of the 613 nm (°D, — ’F, transition) emission
of Eu** ions (Ax = 393 nm) in the PG and GC samples. For all
samples, the observed decay curves approximately follow
a single exponential function. The lifetimes of PG, GC670, and
GC680 are about 2.25, 2.56, and 2.63 ms, respectively. Slightly
longer lifetimes for the glass-ceramics indicate that Eu*" ions

This journal is © The Royal Society of Chemistry 2017

are partially incorporated into the BazAlO;PO, crystalline
phase.

Briefly summarized, the increased luminescence intensities
of Eu*" ions, the obvious Stark splitting, the decreased intensity
ratio R, and the longer fluorescence lifetimes of the GC samples
indicate that Eu®* ions have been partially incorporated into
Ba;AlO;PO, nanocrystals after crystallization. Such phenomena
may be attributed to the smaller ion radii of Eu*" (0.0947 nm)
compared to that of Ba** (0.1350 nm).*®

Noteworthy, besides the sharp of Eu’*,
a pronounced broad emission centered at about 450 nm from
Eu®" is also detected, implying that a part of Eu®* ions is
reduced to Eu®" in the present host. The Eu**-related charac-
teristic excitation (A, = 450 nm) and emission (A¢x = 325 nm)
spectra in PG, GC670, and GC680 are presented in Fig. 2(c) and
(d), respectively. The excitation band at 270-390 nm is ascribed
to the 4f” — 4f°5d transition of Eu**. The intense broad emis-
sion band in the range of 390-560 nm is due to the 4f°5d — 4f”
transition of Eu®".3** For PG, the emission intensity of Eu®" is
very weak, implying that only small quantity of Eu*" is reduced
to Eu®". After crystallization, the intensity of the Eu** emission
is enhanced remarkably with increasing the crystallization
temperature, which reveals that more Eu®" ions are reduced to
Eu”* ions during the crystallization process. The resultant Eu>*
(0.1170 nm)* ions undergo more ordered local crystal field
environments with the incorporation into Baz;AlO;PO, nano-
crystals by displacing the positions of Ba**** reflected by the
narrowed full width of half maximum (FWHM) of 63 nm in
GC670 (or GC680) compared to 77 nm in PG. Fig. 2(f) presents

emissions
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Fig.2 (a) Excitation spectra (lem = 613 nm) and (b) emission spectra (iex = 393 nm) of Eu>* of the PG and GC samples; (c) excitation spectra (Aem
=450 nm) and (d) emission spectra (Aex = 325 nm) of Eu?* of the PG and GC samples; the photographs of the samples under the excitation of (e)

393 and (f) 325 nm light.

the glass photographs under 325 nm radiation. Intriguingly, the
emitting light colors of the glass samples vary from greenish-
white in PG to bluish-white and then to perfect white in
GC670 and GC680, respectively.

The fluorescence decay curves of Eu*>* (Aex = 325 nm and Aep,
= 450 nm), as shown in Fig. 3(b), can further illustrate the above
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Fig.3 Luminescent decay curves of (a) °Dy — ’F, transition (613 nm)
of Eu®* (Aex = 393 nm), and (b) 4f°5d — 4f” transition (450 nm) of Eu?*
(Aex = 325 nm).
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point. Decay curves of Eu®>" emission in all glass samples do not
follow the single exponential decay equation, but a double
exponential decay equation with a shorter and a longer lifetime
components. Hence, here, the lifetimes of Eu®" ions are char-
acterized uniformly by the average lifetime (7) derived by:*

T= Jz[(z)dt/Jl(z)dt

where I(t) stands for the intensity at time ¢. The average lifetimes
T are 755, 802, and 805 ns for PG, GC670, and GC680, respec-
tively. The longer lifetime of Eu®>" in the GC samples strongly
proves the partial incorporation of Eu®>" into orthorhombic
BazAlO;PO, nanocrystals.

The reduction mechanism of Eu** to Eu*" in the air atmo-
sphere can be illustrated perfectly by a charge compensation
model.*** When doped into BazAlO;PO, nanocrystals, Eu** will
replace Ba>* ions. Meanwhile, two Eu®* ions are needed to
substitute three Ba®* ions to maintain the charge balance.

(2)

Consequently, one cation vacancy [V'g,] and two defects [Eug,]
would be created simultaneously. Here, V”Ba1 holds two negative
charges, while Euj,, bears one positive charge. Vg, acts as an
electron donor, while Eu,, becomes an electron acceptor. By
continuous thermal stimulation, the electrons in vacancy defect
V'pa are released and then trapped by Eu,,,, reducing Eu®* ions

This journal is © The Royal Society of Chemistry 2017
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to Eu®" ions. As a result, Eu®" ions are efficiently reduced to Eu**
ions within the precipitated Ba;AlO;PO, nanocrystals in the
glass-ceramics.

Due to the great difference in the excitation spectrum char-
acteristics of Eu®>" and Eu®’, a tunable visible emission ranging
from blue to red can be achieved by simply altering the excita-
tion wavelength. Fig. 4(a) presents the Commission Interna-
tional de I'Eclairage (CIE) chromaticity coordinates of the PG
and GC680 samples excited by 320-375 nm. Both PG and GC680
samples exhibit a tunable luminescent color, covering green-
white, blue-white light to warm-white and then red light. It
needs to be mentioned that good white light emissions can be
achieved in the PG, GC670, and GC680 samples excited by
325 nm UV light, which was exhibited in Fig. 2(f). And the
related CIE chromaticity coordinates of the PG and GC samples
are shown in Fig. 4(b). Obviously, the CIE chromaticity coordi-
nates of all samples are in the white region and close to the
standard equal energy white light illuminate (X = 0.333, ¥ =
0.333). The emitting light color of the glass sample can be tuned
from green-white light in PG to red-white light in the GC
samples after crystallization, which suggests that the mixed-
valence Eu-doped Baz;AlO;PO, glass-ceramics can act as white-
emitting phosphors for UV LED chips.

In practical applications, the thermal quenching property is
an important technological parameter for a luminescent glass
in the solid-state lighting field because it greatly affects the
color rendering index and the light output of LEDs,**** which
will finally determine whether glass phosphors can sustain
a long-term emission efficiency at temperatures over 423 K in
LED. Therefore, it is necessary to evaluate the thermal
quenching property of the glass particularly at temperatures
higher than room temperatures. In order to ensure the results
as accurate as possible, 330 nm was chosen as the most effective
excitation wavelength for these dual valence europium doped
glass and glass-ceramics. Fig. 5(a) and (b) show the emission
spectra of the PG and GC680 sample excited by 330 nm at
different temperatures, respectively. The insets in the figures
are the partially enlarged view of Eu*" emission. Clearly, both
emission intensities of Eu>" and Eu®" decrease with increasing
temperature. The intensities of Eu®>" and Eu** in GC680 at 423 K
remain about 79% and 55% of the initial intensity at 303 K,
respectively.

Generally, the thermal quenching with increasing tempera-
ture is caused by the enhancement of thermally active multi-
phonon nonradiative rate from the luminescent state to
a lower state. The thermally activated nonradiative transition
rate k,, is given by:****

knr = s exp(—AE,/kgT) (3)

where s is the frequency factor, AE, is the activation energy,
kg is the Boltzmann constant (8.629 x 10> eV K '), and T is
the temperature in Kelvin. A higher activation energy leads to
a lower nonradiative rate. The value of the activation energy
AE, can be evaluated from the temperature-dependent
luminescence spectra by the modified Arrhenius
equation:***¢

This journal is © The Royal Society of Chemistry 2017
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Fig. 4 CIE chromaticity coordinates of (a) PG and GC680 under
different excitations (Ao, = 320, 325, 340, 350, and 375 nm, corre-
sponding to points 1 to 5, respectively) and (b) PG, GC670, and GC680
excited by 325 nm.

Iy
" 14 Cexp( —AE,/kpT)

Ir (4)
where I, is the initial emission intensity (at 303 K), I is the
integral emission intensity at different temperatures 7, and C is
a constant. The temperature-dependent emission intensities of
Eu**, Eu*', and the overall emission in PG and GC680 are fitted
into the above equation, which is shown in Fig. 5(c) and (d),
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Fig.5 Temperature-dependent emission spectra (ex = 330 nm) of (a) PG and (b) GC680 samples, the inset is the corresponding partial enlarged
view of Eu?* emission spectra; plot of In(lo/Ir — 1) v.s. 1/kgT, and the linear fit of the data through eqgn (4) of (c) PG and (d) GC680.

respectively. The plot of In(Io/Ir — 1) vs. 1/kgTyields a straight line
whose slope determines the activation energy AE,. The values of
AE, for Eu*" and Eu®" in PG are calculated to be about 0.223 and
0.227 eV, respectively, implying a slightly rapid degradation for
the emission of Eu** in comparison with that of Eu**. Those in
GC680 are about 0.410 and 0.204 eV, respectively. The visibly
larger value of AE, for Eu”>" than Eu®" suggests a better anti-
thermal quenching property of Eu®" after crystallization once
Eu®" ions are incorporated into BazAlO;PO, nanocrystals. The
better thermal stability may be due to the smaller difference of
ion radius between Eu®" (0.1170 nm) and Ba>* (0.1350 nm),*® as
well as their same valence state. As for the whole emission spectra
in PG and GC680, their activation energies are also obtained from
the fitting slopes of 0.225 and 0.229 eV, respectively.

The slightly larger value of AE, in GC680 implies better anti-
thermal degradation property of GC680 than that of PG. This
result indicates that our glass-ceramics have a better thermal
stability than PG, which makes the glass-ceramics promising as
phosphors for W-LEDs in practice.

Conclusions

Highly transparent dual valence Eu-doped orthorhombic Bas,-
AlO;PO, based glass-ceramics were first fabricated by a melt-

53844 | RSC Aadv., 2017, 7, 53839-53845

quenching method. The luminescent properties of Eu*" and
Eu®" ions in the precursor glass and glass-ceramics revealed the
incorporation of Eu®" and Eu”* ions into the Ba;AlO;PO, crys-
talline phase by displacing Ba®" lattice sites after crystallization.
By combining the sharp orange-red emission of Eu’* and the
broad blue-green emission of Eu**, perfect white light emis-
sions can be achieved by the excitation of 325 nm UV light. A
larger active energy of Eu®* than Eu®" after crystallization
further manifests the incorporation of Eu®>" into BazAlO;PO,
nanocrystals with a better anti-thermal quenching property. All
results indicate that such dual valence Eu-doped transparent
Ba;AlO;PO, glass and glass-ceramics can be considered as good
candidates for phosphor in W-LEDs.
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