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HIGHLIGHTS

o Eu>*-doped OH™ free calcium aluminosilicate glass as a new source for white lighting.
e Correlation between emission tunability and local environment of europium ions.

« Significant reduction of Eu** to Eu?* by melting the glasses under vacuum atmosphere.
e Broad, intense and tunable luminescence ranging from blue to red.
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The relationship between emission tunability and the local environment of europium ions in OH™ -free
calcium aluminosilicate glasses was investigated, focusing on the development of devices for artificial
lighting. Significant conversion of Eu>* to Eu?* was obtained by means of melting the glasses under a
vacuum atmosphere and controlling the silica content, resulting in broad, intense, and tunable lumi-
nescence ranging from blue to red. Electron spin resonance and X-ray absorption near edge structure
measurements enabled correlation of the luminescence behavior of the material with the Eu®*/Eu®*
concentration ratio and changes in the surrounding ions' crystal field. The coordinates of the CIE 1931
chromaticity diagram were calculated from the spectra, and the contour maps showed that the light
emitted from Eu®" presented broad bands and enhanced color tuning, ranging from reddish-orange to
blue. The results showed that these Eu doped glasses can be used for tunable white lighting by
combining matrix composition and the adjustment of the pumping wavelength.

© 2015 Elsevier B.V. All rights reserved.
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1. Introduction

A major challenge in the development of a new generation of
artificial lighting is the tailoring of phosphor materials that possess
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efficient and tunable emissions across the whole range of the
visible spectrum [1—7]. Europium and cerium are currently the
most widely used phosphors in devices for lighting and displays,
and both can coexist in several oxidation states in the host matrices.
In addition, their emissions are known to be strongly dependent on
the surrounding ions' crystal field [2].
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There are several factors that determine the luminescence
properties of a material, such as the phonon energy, the presence
of impurities, the nature and intensity of the surrounding crystal
field, the oxidation states of the sensitizer ions, the synthesis
procedure, and the morphology and geometry of the final mate-
rial. From the point of view of materials science, tailoring of the
surrounding ions' crystal field is essential in order to control the
luminescence behavior. Consequently, many different materials
have been developed for solid-state lighting, including crystals [2],
ceramics [8], polymers [3,9], and glasses [1,7,10—12]. Specifically,
the amorphous nature of glasses means that their broad lumi-
nescence properties are influenced by the average local crystal
field surrounding the dopant ions. Selection of the matrix
composition, the phosphor doping level, and the melting proce-
dure are important ways of obtaining the desired emission
characteristics.

We recently proposed the use of OH™-free low-silica calcium
aluminosilicate (LSCAS) glass as an alternative luminescent ma-
terial for tunable white lighting, due to its intense and broad
emission spectrum in the visible region. These studies employed
systems doped with Ce [7,12], Eu [10], and Ce—Eu [11]. The results
revealed a significant influence of melting under a vacuum at-
mosphere on the production of glasses with ions in reduced
oxidation states and with minimal presence of OH™ in their
structures. This LSCAS glass is known to have superior thermo-
mechanical properties, good chemical resistance, transparency
from the UV—visible to the near infrared (up to 5 um), reduced
oxidation states for some dopant ions, and efficient laser emis-
sions [13—18].

The certification of visible light sources for artificial lighting can
employ parameters such as the correlated color temperature (CCT),
the color rendering index (CRI), and the distance from the Planck-
ian locus to the (u', v') color coordinates. The latter is known as
Du'v' and describes how close the tested light source is in relation
to the ideal lighting. These parameters, which characterize the
emission, can be used to evaluate the melting procedure and the
changes in composition, in order to optimize the glass lumines-
cence. To this end, knowledge of the oxidation states of the sensi-
tizer ions and the nature of the surrounding crystal field are
important for tailoring the intended luminescent source.

Given the above considerations, this work therefore involved
the development of a set of OH -free Eu-doped aluminosilicate
glasses with different silica contents. Investigation was made of the
influence of the surrounding ions' crystal field and their oxidation
states on the luminescence properties. The techniques used for
characterization of the samples were electron spin resonance (ESR),
X-ray absorption near edge structure (XANES), and photo-
luminescence (PL).

Table 1
Compositions (wt%), theoretical % of non-bridging oxygen (NBO), and optical ba-
sicity (Ag) of the glasses.

Samples Ca0 Al,03 Si0, MgO Eu,03 NBO (%) Ah

LSCAS 47.4 39.0 7.0 4.1 2.5 48.07 0.74
CAS 10 459 375 10.0 4.1 2.5 46.47 0.73
CAS 15 43.4 35.0 15.0 4.1 25 43.89 0.71
CAS 20 40.9 325 20.0 4.1 25 41.41 0.69
CAS 30 359 275 30.0 4.1 2.5 36.73 0.66
CAS 34 339 255 34.0 4.1 25 34.96 0.65
CAS 40 30.9 225 40.0 4.1 2.5 32.40 0.63
CAS 45 284 20.0 45.0 4.1 2.5 30.34 0.62
CAS 50 259 17.5 50.0 4.1 2.5 28.36 0.60
CAS 55 234 15.0 55.0 4.1 25 26.45 0.59
CAS 60 20.9 12.5 60.0 4.1 2.5 24.60 0.57
CAS 65 18.4 10.5 65.0 4.1 2.5 22.81 0.56

2. Experimental

High purity reagents (>99.995%) were used to prepare the glass
samples. Table 1 shows the compositions (in wt%) required in order
to obtain 6 g of the glasses. The reagents were mixed in a ball mill
for 12 h, after which the mixtures were melted in graphite crucibles
for 2 h under a vacuum atmosphere (103 mbar), at temperatures
between 1400 °C and 1600 °C, according to the specific composi-
tion. Quenching was achieved by switching off the heater and
moving the crucible up to a cooled vacuum chamber. Annealing
was then performed by returning the crucible to the melting po-
sition, where the temperature was around 800 °C, and allowing it
cool to room temperature, while maintaining the vacuum. This
procedure took about 5 h. Further details of the preparation process
can be found elsewhere [15,18]. The glass samples presented good
optical quality, with no evidence of crystallization. They were cut
and optically polished for the luminescence and XANES measure-
ments, while for ESR the samples were in the form of powders.

ESR measurements were performed at room temperature using
the microwave in the X-band spectral region (v =9.52 GHz), with a
power of 5 mW and a 10 Gauss amplitude modulated field at
100 kHz.

X-ray LIII edge (6977 eV) absorption spectra were measured
using the D0O4B-XAFS2 beamline of the Brazilian National Syn-
chrotron Light Laboratory (Laboratério Nacional de Luz Sincroton,
LNLS) in Campinas, Brazil). The XANES spectra were collected in
fluorescence mode using a Canberra GLO055S LEGe detector with
an array of 15 elements [ 19]. The data were acquired as the averages
of three scans for each sample. Excitation/emission contour maps
were obtained using a Xe™ lamp as the excitation source, with the
wavelengths selected by a JobinYvon H10D monochromator. The
excitation beam was focused on the sample and the emission was
collected by means of an optical fiber and detected by a CCD array
connected to a microcomputer. Luminescence measurements were
also carried out using an Ar™ ion laser at 355 nm - 365 nm and a
diode laser at 532 nm as excitation sources, with detection by a
silicon photodiode. The detection system was calibrated by using an
irradiance and illuminance standard source (from the National
Institute of Standards and Technology, NIST) from Gooch &
Housego, model 752-10 E.

3. Results and discussion

Fig. 1 shows the ESR spectra as a function of the silica content.
The data were normalized in terms of the Eu;03 weight. Eu’t ions
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Fig. 1. Normalized ESR spectra for the samples with 7, 15, 34, 50, and 60 wt% of silica.
The inset shows the integrated areas of the ESR absorption spectra and the selective
Eu’* total luminescence obtained by pumping the samples at 532 nm.
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are not paramagnetic, so could not be detected in the ESR mea-
surements. On the other hand, Eu>* has electronic spin S7/2,
enabling evaluation of the 857/2 singlet ground state by this tech-
nique. Using 2,2-diphenyl-1-picrylhydrazyl (dpph) as a reference
pattern, the ESR signal intensity was considered to be proportional
to the amount of Eu®* jons in the sample. It can be seen (Fig. 1) that
there were resonance lines with g2, 2.7, 4.7, and 6.4, and that the
signal intensity increased for higher silica contents (inset of Fig. 1).
This reflected an increase in the Eu**/Eu>" ratio, because the total
amount of europium in the sample remained constant.

The resonance lines at g6, 2.7, and 2 are known as the charac-
teristic U spectrum for Gd3>* and Eu®* used as dopants in glasses or
disordered polycrystalline materials [20,21]. The existence of
several resonance lines, as opposed to just one at g 2.0, as observed
in the ESR spectra of rare earth ions in the S state, has been used to
demonstrate that Gd>*, Eu?*, and Tb*" present different in-
teractions with the crystal matrix fields [20,22]. Iton and Brodbeck
[21] simulated the ESR spectra of Gd** and Eu®* in zeolites and
compared the results with experimental data obtained in the X
band. They proposed that the U spectrum lines indicated the
occurrence of a moderate distortion of the crystal field in relation to
the cubic, tetrahedral, or octahedral basic structures. It was
observed that the detected distortions were predominant when the
ions were in a high coordination number (>6). On the other hand,
resonance at g 4.86 is indicative of a crystal field with orthorhombic
symmetry and strong interaction between the ions, as shown by
Iton and Turkevich [23]. Additionally, ESR spectra of both Gd3* and
Eu®" in glasses, measured at low microwave frequency, have shown
reduced intensities of the g = 6 U spectra, together with the gen-
eration of a broad line at around g = 5 [24,25]. From Fig. 1, it can be
seen that with the increase of silica content, the intensities of lines
related to the U spectrum increased considerably, relative to that
for resonance at g4.7. This suggests that in addition to promoting
the reduction Eu>* — Eu?*, the addition of silica resulted in the
formation of weaker crystal field interactions in the sites sur-
rounding the Eu®" ions.

Fig. 2 shows the normalized X-ray absorption spectra as a
function of the energy in the XANES region. Two absorption peaks
were observed, with differences in energy of about 8 eV, reflecting a
hybrid structure with the existence of two europium valence states
in the glasses [26]. The peak at lower energy was characteristic of
Eu?*, while that at higher energy was characteristic of the Eu>* ions
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Fig. 2. LIIl edge XANES spectrum (6977 eV) of europium ions in the samples with 7, 15,
34, 50, and 60 wt% of silica. The inset shows the Eu®* fraction for different silica
contents.

[27]. A higher silica content in the matrices resulted in increased
intensity of the Eu®>* peak and consequently a reduction in the
contribution from the Eu>* ions. The averaging was done by per-
forming three scans in each sample and the spectra were fitting
using the Athena software (IFFEFIT package) [28]. As europium
shows separate absorption edges related to the Eu** and Eu>* ions,
two arctangent functions were used to fit the step energy observed
in the spectra, and two Gaussian functions were used to fit the
peaks. The inset of Fig. 2 shows the amount of Eu?* as a function of
the silica content, from which it can be seen that the amount
increased up to three-fold at higher silica concentrations. This
behavior was in agreement with the ESR data. The coexistence of
Eu®* and Eu®* in OH -free LSCAS glass has been reported previ-
ously [10,11,29]. In an earlier study [29], overlapping of the emis-
sion lines between 570 and 750 nm was observed, attributed to the
Do — ’F (JO, 1, 2, 3, and 4) transitions of the Eu** ion. The
observed broad emission band centered at 585 nm was attributed
to the Fg — “F; transition of the Eu?* ion.

Fig. 3 shows the luminescence spectra for excitation at 350 nm.
For the samples with lower silica concentrations, there were nar-
row emission peaks due to Eu* and a broad peak in the red-orange
region due to Eu?*. For higher silica concentrations, there were
increases of about 400-fold in the intensity of the emission band
related to Eu?*, and the emission peak shifted to the blue region.
This significant increase was related to the greater quantities of
divalent ions in the samples with higher silica contents, as indi-
cated by the inset in Fig. 2. The Eu?*/Eu* ratio is expected to
decrease considerably at low silica contents, so it becomes easy to
observe the Eu>* emission in Fig. 3. For all the samples, the selective
Eu?* luminescence was measured using excitation at 532 nm. The
results did not show any changes in the relative intensities of the
bands, according to the silica content. However, as expected, a
decrease in the total intensity was observed (shown in the inset of
Fig. 1). The observed behavior was like a mirror, compared to the
ESR intensity. Although the use of 350 nm does not directly excite
Eu?*, energy transfer from Eu®* to Eu>* by reabsorption is possible,
due to the overlap among Eu®" absorption bands and Eu* ab-
sorption lines, as reported recently [10].
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Fig. 3. Luminescence spectra for the samples with different silica concentrations. The
excitation was at 350 nm. The photographs show the different luminescence colors
obtained for the samples with the lowest and highest silica concentrations. The inset
shows the chromaticity diagram, with identification of the color of light emitted from
each sample, without considering any complementary blue emission from the
pumping source. (For interpretation of the references to color in this figure legend, the
reader is referred to the web version of this article.)
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Fig. 4. Contour plots of excitation/emission spectra for the samples with 7, 34, 50, and 65 wt% of silica.

Wang et al. [30] suggested that a decrease in the Eu?* emission
intensity can result from an increase in the number of non-bridging
oxygens (NBOs), caused by a greater number of negative charges in
the glass network. This favors the formation of ions with higher
valence states, maintaining the neutrality of the material. It has
been shown previously that the quantity of NBOs in calcium
aluminosilicate glasses decreases when the amount of silica in the
matrix is increased [31]. A calculation assuming all Ca and Mg to be
modifiers and all Al and Si to be network formers was used to es-
timate the theoretical NBO. The results (Table 1) showed that from
the lowest to highest silica contents, the ¥NBO changed from 48% to
23%. Therefore, the increase in the Eu?* emission intensity at higher
silica contents was in agreement with the data published
previously.

The red shift of the emission band of Eu®* is often associated
with the optical basicity of the glass (Aw,). Following the work of
Duffy and Infram [32], a theoretical optical basicity can be calcu-
lated for the glass studied here (Table 1). The increase in the optical
basicity from 0.56 to 0.74, with decrease of the silica content,
suggests that the crystal field strength of the glass was higher,
resulting in a splitting of the Eu®>" d orbital degeneracy [33,34]. This
would result in separation of the two energy levels, with eg and tyg

Table 2

CRI, CQS, CCT, and Du'v' parameters as a function of silica content, in wt%.
Samples  CRI CcQs CCT Du'v'

)\exl )\ex2 )\exl )\exz )\ex1 )\exz )\exl )\ex2

LSCAS 72 76 2 49 1930 1487 0.008 —0.001
CAS 10 64 77 2 18 2290 1634 0.014 0.004
CAS 15 57 79 7 31 2900 2012 0.033 0.008
CAS 20 54 77 8 34 3100 2424 0.040 0.014
CAS 30 48 67 28 37 3900 3346 0.062 0.031
CAS 34 47 68 36 49 3900 3784 0.062 0.036
CAS 40 50 64 46 51 5050 4340 0.077 0.045
CAS 45 50 68 53 63 5950 5131 0.076 0.047
CAS 50 57 65 58 62 7600 5515 0.067 0.052
CAS 55 55 65 57 65 8400 6297 0.069 0.051
CAS 60 - 68 - 67 >10000 7193 0.066 0.048

CAS 65 - 66 - 66 >10000 7459  0.068 0.051

Aex1 350 NM; Aex2 399 nm.

shifting to lower and higher energy, respectively [33,34]. In other
words, the separation between these two bands depends on the
strength of this interaction. In addition, a large separation implies a
connection between the lower level (eg) and the ground state 4f,
resulting in emission with lower energy, at longer wavelengths. A
similar red shift was also observed for Ce3*-doped LSCAS [7,12].
According to Novatski et al. [31], and in agreement with the esti-
mated values given in Table 1, the optical basicity decreases when
the silica concentration increases, so there is a decrease in the
separation of the ez and tyg bands, and consequently an increase in
the separation between the ground state and the eg band. Thus, by
increasing the concentration of silica, the emission peaks shift to
lower wavelengths, as shown in Fig. 3. The decrease of the crystal
field interaction with the d orbitals, as suggested by the emission
results, is in agreement with the increasing intensity of the U
spectrum observed in the ESR data.

The coordinates in the CIE 1931 chromaticity diagram were
calculated from the emission spectra, as shown in the inset of Fig. 3.
It can be observed that at higher silica contents, there was a shift in
the emitted color from the orange-red region to the blue region.
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Fig. 5. Correlated color temperature (CCT) and color rendering index (CRI), as a
function of silica content.
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This blue shift in the maximum emission intensity contributes to
reduce the CRI values and to increase the CCT values for glasses
with high silica. The photographs in Fig. 3 illustrate the differences
between the emissions.

Fig. 4 shows contour plots of the excitation/emission spectra for
the samples with 7, 35, 50, and 65 wt% of silica. As described above,
the luminescence intensity is very different among the samples, so
that in the figure they cannot be compared in intensity. In fact, only
the maximum positions for the excitation and emission wave-
lengths can be checked. For the sample with 7 wt% of silica, the
Eu®* emission was much lower than that of Eu®>*, while the Eu®*
emissions became more evident at higher silica concentrations. The
plots indicated that the blue shift of the emission band observed for
excitation at 350 nm also occurred for other excitation wave-
lengths. The excitation band showed similar behavior. The infor-
mation obtained from the excitation/emission contour plots
indicated that it was possible to tune the emission by modifying the
oxidation states of the ions and/or the crystal matrix field.

The calculated values of the CRI, CQS, CCT, and Du'v’ parameters
are shown in Table 2 and Fig. 5. The color changes were reflected by
both an increase in Du'v’ and a decrease in the CCT values. The Du'v’
values lay outside the acceptable maximum of 0.006 established by
the American National Standards Institute (ANSI C-78.377). How-
ever, for silica contents lower than 20%, the values complied with
the Du'v’ limit value of <0.02 set by the Japanese Standards Asso-
ciation (JIS C-8152-2). It is important to note that these compari-
sons were made without considering complementary emissions
from blue LEDs, which could be used for the construction of WLED
devices. This would make it possible to obtain parameter values
within the ranges established in current technical standards. It can
be seen that there were substantial differences between the CRI
and color quality scale (CQS) values (Table 2). The CQS is a new color
quality parameter that is now accepted by NIST. It is considered
superior for the measurement of color quality because it employs
15 standard pastel colors as a reference for color reproducibility,
while the CRI uses only 8 standard colors. It is known that for some
deep red color spectra, the CRI can give inaccurate results. This can
be seen by comparing the CQS and CRI values (Table 2) for the
aluminosilicate samples with low silica contents, which presented
a red color under UV and violet excitation and showed the greatest
differences between the CRI and CQS values. Despite this diver-
gence between the CRI and CQS techniques, the CRI remains the
internationally accepted parameter, according to the Commission
on Illumination (CIE), and for much of the visible band there were
only small differences between the CRI and CQS values.

4. Conclusions

In conclusion, the results showed the coexistence of Eu>* and
Eu?" oxidation states in the aluminosilicate glasses analyzed here.
It was observed that with increasing silica concentration, the ma-
trix promoted the conversion Eu>* — Eu®*, which was associated
with changes in the optical basicity of the matrix and the amount of
NBO. The ESR and luminescence results indicated that the addition
of silica induced changes in the europium valence states, as well as
modifications in the Eu* sites symmetry. For excitation at 350 nm,
a broad emission band from the Eu®>* ions was observed, with a
peak shift from 585 to 480 nm, resulting in the color of the emitted
light changing from reddish-orange to blue. This shift to higher
energies occurred for both emission and excitation bands. The
present observations indicate that these Eu-doped glasses can be
tailored for tunable white lighting by combining adjustment of the
matrix composition, melting environment, and pumping
wavelength.
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