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Narrow-band red phosphors of high colour
purity based on Eu3+-activated apatite-type
Gd9.33(SiO4)6O2†

Melissa M. Rodrı́guez-Garcı́a, a Aleksandar Ciric, b Zoran Ristic, b

J. A. Gareth Williams, a Miroslav D. Dramićanin *b and
Ivana Radosavljevic Evans *a

A series of new red phosphors based on apatite-type gadolinium silicate host, Gd9.33�xEux(SiO4)6O2

(0.03 o x o 1.87), have been synthesised and analysed. The phosphors show excellent chemical and

thermal stability, losing only 10% of their emission intensity at 150 1C (working LED temperature) relative

to that at room temperature through the electric dipole–dipole interaction. They exhibit efficient Eu3+

narrow-band red emission (quantum yield up to 75%; full-width at half-maximum (FWHM) = 7 nm; CIE

colour coordinates x = 0.65, y = 0.35) of exceptional colour purity (94.2%), and the host can be heavily

doped with Eu3+ (up to 10 at%) without concentration quenching of the emission. Variable-temperature

powder X-ray diffraction, photoluminescence spectroscopy and Judd–Ofelt analysis of the phosphors’

radiative properties reveal the favourable influence of the structural properties of the apatite-type host

on the efficiency and thermal stability of the Eu3+-activated Gd9.33(SiO4)6O2 emission.

1. Introduction

The conventional technology for lighting based on incandescence
or fluorescence activated by electric discharge is increasingly being
replaced by more efficient and reliable white light-emitting diodes
(WLEDs). There is much interest in the development of efficient
WLEDs to reduce the amount of energy consumed for the new
generation of ambient lighting. However, the development faces
several challenges, one of which is to produce red phosphors with
high chemical and thermal stability that also have high quantum
yields to ensure efficient energy conversion.1–4 Phosphors for
WLEDs should also possess high colour-rendering index (CRI).
The issue is that the higher the CRI, the lower the luminous efficacy
(the light output per unit energy), as the human visual response
peaks in the green region of the spectrum. For white lighting, the
best possible balance between lighting quality and efficiency is
a CRI of 90, where the luminous efficacy of radiation (LER) is
408 lm W�1. For white light generated by the combination of red,
green and blue emitters (RGB), the emission wavelength for the red
component that maximises efficiency is at 614 nm.5–7 For the green

component, where the human eye response is stronger, narrow
emission linewidths are not critical for efficiency, nor are they
for the blue component, which makes only a low contribution
to white light. On the other hand, the red component linewidth
is critical and must be narrower than 20 nm in order to
minimise spillover into deeper red, where the human visual
response drops very steeply.8

Some trivalent lanthanide ions have f–f emission bands in
the visible spectrum. Eu3+ is one such ion: its hypersensitive
5D0 - 7F2 transition is often used to generate light at about
617 nm.9 Of the seven possible 5D0 -

7FJ transitions, the 5D0 -
7F1

(at around 593 nm) is the only one with purely magnetic dipole
character. This transition is allowed by the Laporte selection
rule but, in low symmetry environments, it tends to show
weaker emission than the 5D0 - 7F2 of the remaining six
transitions of electric dipole character (parity-forbidden).10

A further overview of these transitions (shown in Fig. 1) is
given in Table S1 (ESI†).9

The emission spectra of Eu3+ ions strongly depend on the
symmetry of the site in the host lattice, which is why Eu3+ can
be used as a spectral probe for the point symmetry of the
doping site. If the Eu3+ is located on an inversion centre, the
5D0 - 7F1 transition dominates over the 5D0 - 7F2 transition,
resulting in bright orange luminescence.11 The 5D0 and 7F0

levels cannot undergo splitting, but each of the 7FJ levels ( J = 1
to 6) can be split into up to 2J + 1 Stark sub-levels according to
the symmetry (Table S2, ESI†) leading to fine structure.
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The 5D0 - 7F0 transition (at around 580 nm) comprises only a
single band and thus can be used to determine the minimum
number of different sites occupied by the Eu3+ including
possible silent transitions, if the spectral resolution is
sufficiently high.

The symmetry of the doping site that the Eu3+ ion occupies
will dictate the broadening of the emission peak. Selected
illustrative examples of Eu3+-doped narrow-band red phosphors
are given in Fig. 1.

In Table 1, these materials are arranged based in the order
of increasing full-width at half-maximum (FWHM) measured
for the 5D0 -

7F2 emission. The red phosphor with the smallest
FWHM of 3 nm is Y2MoO6:Eu3+ with an emission maximum at
611 nm,12 whilst Y2SiO5:Ce3+,Tb3+,Eu3+ shows lmax = 612 nm
and FWHM = 5 nm.13 Amongst apatite-type phosphors, an
FWHM of 7 nm has been reported for Sr2(La1�xEux)8(GeO4)6O2,
for which lmax = 612 nm.14

In this paper we describe the preparation and properties of a
new series of narrow-band red phosphors based on apatite-type
gadolinium silicate, Gd9.33(SiO4)6O2. This material has been
selected as the host because it can absorb energy efficiently in
the near-UV region through the 8S - 6P5/2,7/2 transition of the

Gd3+ sensitiser.24 Its suitability as a host has already been
reported in studies of white-emitting phosphors.25–32 The series
of red phosphors prepared in this work adopt the general
formula Gd9.33�xEux(SiO4)6O2 (with x = 0.03, 0.05, 0.07, 0.09,
0.19, 0.28, 0.47, 0.65, 0.93, 1.40 and 1.87, corresponding to a
maximum of 20 at% Eu3+ doping). Variable temperature
powder X-ray diffraction (PXRD) and optical measurements
were used to probe the structural and luminescence behaviour
of the materials, with the aim of investigating concentration
and thermal quenching, emission efficiency and colour purity.

2. Experimental
2.1. Synthesis

All samples were prepared using conventional solid-state synthesis.
The starting materials were dried at 1200 1C and PXRD patterns
were recorded to check reagent quality prior to using them in the
synthesis. To prepare 2.0 g of each composition, stoichiometric
amounts of the reagents were weighed (with a precision of
�0.0001 g), ground for around 30 minutes, and heated in cycles
with intermittent grinding, first at 1400 1C for 100 h and then at
1500 1C for 200 h.

2.2. Powder X-Ray diffraction

Laboratory PXRD patterns were recorded at room temperature
to monitor the purity of the samples between each heating
cycle. The final recorded patterns were fitted using a modified
structural model of Gd9.33(SiO4)6O2.24 A Bruker AXS d8
Advance33 diffractometer using CuKa1,2 radiation and a Lynxeye
detector were used to record the patterns in a 2y range from 101
to 701 using a step size of 0.021 and a step time of 1 s. All PXRD
data were analysed using Topas Academic software.34,35 The
refined variables included the background terms, diffractometer
zero point, pseudo-Voigt peak shape function parameters, unit
cell parameters and isotropic atomic displacement parameters
for each phase. For the variable-temperature X-ray diffraction
(VTXRD), a Bruker AXS d8 Advance diffractometer with CuKa1,2

radiation, a LynxEye detector and an Anton Parr HTK1200

Fig. 1 Energy level diagram for Eu3+ ion showing the relevant transitions.

Table 1 Optical and crystallographic properties of Eu3+-doped narrow-band red phosphors

Material
FWHM
[nm]

5D0 - 7F2 emission
[nm] Wyckoff sites Site symmetries

Splitting of 5D0 - 7F2

emission peak

Y2MoO6:Eu3+ 12 3 611 4e and 8f C2 and C1 5 peaks
Y2SiO5:Ce3+,Tb3+,Eu3+ 13 5 612 8f C1 5 peaks
Li2SiN2:Eu3+ 15 7 612 8c C1 5 peaks
Sr2(La1�xEux)8(GeO4)6O2

14 7 613 4f and 6h C3 and Cs 3 and 5 peaks
Ba2La2.63Tb0.15Eu0.22(SiO4)3F16 10 616 4f and 6h C3 and Cs 3 and 5 peaks
Sr3Gd0.9Na(PO4)3F:0.1Eu3+ 17 10 615 2d C3 3 peaks
Ba2Gd8(SiO4)6O2:Eu3+ 18 10 615 4f and 6h C3 and Cs 3 and 5 peaks
Sr5(PO4)1.9(SiO4)0.95:Eu3+ 19 14 614 4f and 6h C3 and Cs 3 and 5 peaks
LiLaMg(W,Mo)O6:Eu3+ 20 15 615 4g C2 5 peaks
Ca5(PO4)3F:0.04Eu3+ 21 20 620 4f and 6h C3 and Cs 3 and 5 peaks
Sr4La6(SiO4)6F2:Eu3+ 22 25 615 4f and 6h C3 and Cs 3 and 5 peaks
Sr4La6(SiO4)6Cl2:Eu3+ 22 25 615 4f and 6h C3 and Cs 3 and 5 peaks
Gd2Mo2O9:Eu3+ 11 25 612 4a C3 3 peaks
La2Mo3O12:Eu3+ 11 25 615 Three 8f C1 5 peaks
La2Mo2O9:Eu3+ 11 25 612 4a C3 3 peaks
TiO2:Eu3+ 23 27 610 2a D2h 5 peaks
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high-temperature furnace were used. The patterns were recorded
every 23.5 1C from 18 to 527 1C, with an initial heating and
cooling cycle to eliminate any moisture. Temperature calibration
in the diffractometer furnace was performed using an alumina
standard.

2.3. Photoluminescence spectroscopy

Photoluminescent characterisation was performed using a
high-stability solid-state laser at 532 nm as the excitation
source. An optical diffraction grating with 300 lines/mm
(Horiba Jobin Yvon FHR1000 monochromator) and iCCD
camera (Horiba Jobin Yvon 3771) were used on the detection side.
A Horiba Jobin Yvon Fluorolog-3 Model FL3-221 spectro-
fluorometer system was used to collect the variable-
temperature emission spectra under excitation by a 450 W
xenon lamp. Homogeneous, finely powdered samples of the
materials were heated from room temperature to 475 1C with
addition of MicrOptik temperature-controlled liquid nitrogen
cooling/heating stage. For lifetime measurements, the radiation
from the laser was modulated, and emission spectra were
measured as a function of delay time from the falling edge
(laser off). The Judd–Ofelt parameters and derived quantities
were calculated using the JOES36 software package.

3. Results and discussion
3.1. Structural analysis

Fig. 2 shows the Rietveld fit for the Gd9.30Eu0.03(SiO4)6O2

compound. Corresponding fits for the Gd9.33�xEux(SiO4)6O2

(x = 0.03, 0.05, 0.07, 0.09, 0.19, 0.28, 0.47, 0.65, 0.93, 1.40 and
1.87) phosphor series are provided in the ESI,† Fig. S1. The
patterns were fitted using the structural model of the hexagonal
apatite in space group P63/m. Small amounts of Gd2SiO5 (peaks
marked with r in Fig. S1, ESI†) were detected in most samples
(Table S3, ESI†).

In the apatite structure type, which can be described in
terms of the general formula A10(BO4)6X2�d (where A is a larger
cation, B is a smaller cation, and X is an anion), doping can

potentially occur on two crystallographically independent
A-sites on which Gd3+ is located: A1 (Wyckoff site 4f with site
symmetry C3) and A2 (Wyckoff site 6h with site symmetry Cs).
The distance between the Eu3+ dopants in the material is
important as the emission intensity may decrease due to the
energy transfer (ET) between activator ions. Fig. 3 shows the
connectivity between different Gd3+ sites, labelled Gd1 (shown
as pink polyhedra) and Gd2 (shown as purple polyhedra).
Fig. 3a and b shows the connectivity in the ab plane, where a
Gd1O6 trigonal prism shares all its six oxygen atoms with
7-coordinate Gd2O7 polyhedra and the distance between Gd1
and Gd2 sites is B4.1 Å. Fig. 3c shows the connectivity in the
c-direction. The Gd1 sites are arranged in vertical chains
formed by Gd1O6 trigonal prisms, sharing top and bottom
faces, connected by their six oxygen atoms with two other
Gd1O6 trigonal prisms, and where the distance between
neighbouring Gd1 atoms is B3.4 Å. Fig. 3d shows the Gd2
sites connected by two rings that share two oxygen atoms
between the top and bottom layers. Each ring has three
Gd2O7 that share corners with a central oxygen atom. The
distance between Gd2 and Gd2 ranges from 4.1 to 5.6 Å.

3.2. Photoluminescence of Gd9.33(SiO4)6O2:Eu3+ materials

Fig. 4(a) shows the photoluminescence (PL) emission spectra for
the phosphors recorded under 532 nm excitation. PL emission
spectra are typical for the Eu3+ activated compounds and consist
of five narrow peaks centred at 577, 591, 614, 653, and 705 nm
arising from the 5D0 - 7F0–4 electronic f–f transitions.
The emission centred at 614 nm is due to the hypersensitive
5D0 -

7F2 electric-dipole transition and dominates the spectrum
since the Eu3+ is in non-centrosymmetric crystallographic sites:
the site symmetries of the Eu3+ ions are C3 (4f) and Cs (6h). The
expected splittings for the 5D0 - 7F2 manifold are 3 and 5 for
each site (as seen in Table S2, ESI†), which leads to broadening
of the band; however, the FWHM is only 7 nm, such that the
compound could be categorised as a narrow-band red phosphor.
For the most intensely emitting composition, Gd8.4Eu0.93(SiO4)6O2,
the CIE colour coordinate of emission is (0.65, 0.35), Fig. 4b.

Fig. 2 Rietveld fit of the laboratory PXRD data for the Gd9.30Eu0.03(SiO4)6O2 phosphor.r indicates the Gd2SiO5 impurity peaks; this impurity is present at
2.7(8)% by weight.
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For this phosphor composition, the colour purity (CP) is deter-
mined to be 94.2% using the following formula:37

CP ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðx� xiÞ2 þ ðy� yiÞ2

p
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðxr � xiÞ2 þ ðyr � yiÞ2

p � 100%; (1)

where (x, y) = (0.65, 0.35) is the colour coordinate of the sample
emission, (xi, yi,) = (1/3, 1/3) stands for the CIE E (equal energy)
achromatic point, and (xr, yr) = (0.67, 0.33) is the coordinate of the
primary red colour. The CP of the red emission displayed by this
material is superior to that of SrMoO4:Eu3+ (CP = 85.8%),38

Fig. 3 (a) View of the ab plane, (b) schematic of the ab plane, (c) c-direction for Gd1 sites and (d) c-direction for Gd2 sites for the Gd9.33(SiO4)6O2

structure.

Fig. 4 (a) Room-temperature emission spectra of Gd9.33�xEux(SiO4)6O2 (0.03 o x o 1.87) recorded under 532 nm excitation. (b) CIE chromaticity
diagram showing the Gd8.4Eu0.93(SiO4)6O2 emission colour coordinate of (0.65, 0.35); the star symbol represents the CIE E achromatic point (1/3, 1/3).
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Ca0.5Sr0.5MoO4:Eu3+ (CP = 89.5%),39 NaBiF4:Eu3+ (CP = 90.2%),37

and almost equal to the colour purity of ultra-heavily doped
Ba6Gd2Ti4O17:Eu3+ (CP = 94.4%).40

3.3. Concentration quenching of Eu3+ emission

The dependence of the 5D0 -
7F2 emission intensity at 614 nm

on Eu3+ doping concentration is given in Fig. 5. The emission
intensity is highest for Eu3+ concentration x = 0.93 (which
corresponds to the critical concentration xc = 10 atom% with
respect to the number of Gd3+ ions), beyond which it decreases
slightly for x = 1.40, and significantly for the material containing
x = 1.87. This demonstrates that apatite-type gadolinium silicates
can be heavily doped with Eu3+ to achieve intense emission,
more so than Sr2(1�x)Eu2xZnGe2O7, for which high emission
intensity is retained only to x = 0.05,41 or NaSrLa1�x(MO4)3,
where the highest emission intensity was found at x = 0.008
and x = 0.010 for M = Mo and W respectively.42

The Eu3+ 5D0 excited state lifetimes of gadolinium silicate
apatite samples activated with different amounts of Eu3+ are
shown in Table S4 (ESI†). The decay of the emission at 614 nm
fits well to first-order kinetics, giving lifetimes of 1.05 to 1.35 ms.
These values are similar to those of Eu3+-doped Sr2La8

(GeO4)6O2
14 and Gd9.33�x�yEuxTby(SiO4)6O2,25 with lifetimes of 0.9

to 1.3 ms and 1.28 to 1.39 ms, respectively. The lifetime decreases
for Eu3+ x 4 0.93, which is consistent with the observed intensity
decrease for such compositions, and confirms that the drop-off in
intensity is due to excited-state quenching (Fig. 5 and 6).

The distance between the activator ions (Eu3+) is important
as the emission intensity may decrease due to the energy
transfer (ET) between activator ions. The critical distance for
ET can be calculated using the following equation:43,44

Rc ¼ 2
3V

4pxcN

� �1
3
; (2)

where N and V are the number of cations in the unit cell and the
volume of the unit cell respectively. The critical concentration,

xc, is the Eu3+ content in respect to the Gd3+ in the host at which
the emission intensity starts to decrease. The concentration
quenching was found to begin at doping levels xc = 10 atom%
(x = 0.1). Using this value with N = 8 and V = 530.75 Å3, the
critical transfer distance is calculated to be Rc = 10.821(6) Å.
In general, for distances Rc 4 5 Å, the mechanism of non-
radiative energy transfer is through electric multipolar
interaction.18 The character of interaction can be more closely
described by Van Uitert’s relationship between the emission
intensity I(x) and dopant concentration x (valid for x Z xc):45

IðXÞ
X
¼ K � 1þ b � X�

Q
3

� ��1
(3)

where K, b and Q are constants to be determined. The value of Q
indicates the character of multipolar interactions: Q = 6 for
dipole–dipole interactions; Q = 8 for dipole–quadrupole inter-
actions; and Q = 10 for quadrupole-quadrupole interactions.
The graph log(I/x) vs. log(x) is depicted in inset of Fig. 5, the
slope -Q/3 is around �2, so the value of Q was found to be 6,
implying that the emission quenching mechanism in
Gd9.33�xEux(SiO4)6O2 occurs via dipole–dipole interactions.

3.4. Thermal stability of the Gd9.05Eu0.28(SiO4)6O2 phosphor

Variable-temperature powder X-ray diffraction (PXRD) was used
to assess the thermal stability of the materials prepared. Fig. 7
shows a surface plot of the 42 diffraction patterns recorded on
warming and cooling between 18 1C and 527 1C. The
Gd9.05Eu0.28(SiO4)6O2 phosphor does not undergo any phase
transitions or abrupt changes in unit cell parameters, and it
retains its crystallinity, demonstrating that it can be used in
applications that require high temperature environments, e.g.
150 1C, a temperature typical of a working LED.

Rietveld fitting of the different patterns was performed and
the values of the lattice parameters obtained are presented in.
The linear and volume thermal expansion coefficients aa =
8.87(9) � 10�6 K�1, ac = 5.90(1) � 10�6 K�1, and aV = 2.40(2) �
10�5 K�1. The variation of the unit cell parameters with

Fig. 5 The intensity of the Eu3+ 5D0 - 7F2 emission band of Gd9.33�xEux(SiO4)6O2 at 614 nm as a function of the Eu3+ concentration. (0.03 o x o 1.87).
The intensities are normalised to the value of the highest intensity (x = 0.93). The inset shows the log10(I/xEu) vs. log10(xEu) plot for the Eu3+ doping
concentrations larger than the critical concentration.
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temperature, shown in with green, yellow and blue lines and
symbols, has a linear positive thermal expansion trend (further
details are given in Table S4, ESI†). Anisotropic thermal expansion
in the host material causes subtle changes in the shape of the
Eu3+ emission bands (Fig. 4a). The maximal splitting of the 7F1

manifold emission spectrum (marked as DE in Fig. 4a) is propor-
tional to the crystal field strength acting on Eu3+. In the present
case, DE E 320 cm�1 at room temperature, which is within the
ranges reported in the literature for related red phosphors
reported in the literature, e.g. 307–323 cm�1 for Eu2Mo3O12 and
350–374 cm�1 for Y2�xLuxO3:Eu3+.46,47 As the temperature
increases, the unit cell of the host material becomes larger (V is
increasing) so the ligating ions are on average further from the
Eu3+ centre and the intensity of the crystal field decreases. This
effect is manifested by a decrease in the DE value at higher
temperatures, as seen in Fig. 8 (where the data points are shown
as red symbols and the fit as the red line).

The PL emission spectra of Gd9.05Eu0.28(SiO4)6O2 recorded
under 532 nm excitation at several different temperatures in
the range 0–500 1C are shown in Fig. 9. Splitting of the emission
line is observed at room temperature due to Eu3+ being located

at two different crystallographic sites. Furthermore, broadening
is observed as the temperature increases. This is related to
more pronounced lattice vibrations at higher temperatures.

The normalised emission integrals obtained from the
emission spectra are shown in Fig. 10 (normalised to the
maximum intensity value obtained from the spectrum
measured at 25 1C). At 150 1C, the normalised emission integral
only decreases to 90% of its room temperature value. Hence,
the Gd9.05Eu0.28(SiO4)6O2 phosphor presents good thermal
quenching characteristics. This behaviour is superior to that
reported in the literature for NaSrEu(MoO4)3 which decreased
to 64% at 150 1C.48 To determine the activation energy of
the thermally induced emission quenching process, the
experimental data were fitted to the configurational coordinate
charge transfer (CT) model:49

ICT Tð Þ ¼ I0

1þ Bffiffiffiffiffiffiffiffi
hn
2kB

r
coth

hn
2kBT

� �exp �2DECT

hn
tanh

hn
2kBT

� �� �:

(4)

Fig. 6 The 5D0 excited state lifetime of the Eu3+ ion in the Gd9.33�xEux(SiO4)6O2 phosphors as a function of x. The temporal decay of the emission was
monitored at 614 nm (5D0 - 7F2 transition).

Fig. 7 Variable-temperature laboratory PXRD patterns for the Gd9.05Eu0.28(SiO4)6O2 on warming and cooling between 18 1C and 527 1C. The artificial
colour map shows intensity changes in the PXRD pattern.
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Here, ICT(T) is the temperature-dependent emission integral,
I0 = 1 is the value of the emission integral at room temperature,

B = kNR/kR is the ratio of the non-radiative and radiative
transition rates, DECT is the energy of the intersection between

Fig. 8 Temperature dependences of structural parameters (obtained from the Rietveld fit for PXRD data; green, red and blue symbols and line) and
maximal energy splitting DE of the Eu3+ 5D0 - 7F1 manifold (data as red symbols and fit as red lines) for the Gd9.05Eu0.28(SiO4)6O2 phosphor.

Fig. 9 Temperature-dependent PL emission spectra of the Gd9.05Eu0.28(SiO4)6O2 phosphor (excited by 532 nm radiation). Colour scale marks the
temperature from 25 1C (purple) to 475 1C (yellow).
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parabolas that represent the charge-transfer state and 5D0 state
in the configuration coordinate representation, kB is the Boltz-
mann constant (8.617342 � 10�5 eV K�1), and hv is the average
energy of host phonons involved in the process.

The charge-transfer model fit of the experimental
temperature-dependent emission integrals (solid line and symbols,
respectively, in Fig. 10) for the Gd9.05Eu0.28(SiO4)6O2 phosphor leads
to a value for the activation energy of the emission thermal
quenching process of 0.54(1) eV. This energy is a measure of the
thermal stability of the Eu3+ emission; higher activation energies
describe phosphors with high thermal stability of emission. The
obtained value of gadolinium silicate apatite is superior to the
values of 0.412 eV for Sr4La6(SiO4)6F2:Eu3+,22 0.481 eV for Sr4La6

(SiO4)6Cl2:Eu3+,22 0.4(1) eV for Eu2Mo4O15,50 but lower than that of
0.84(4) eV for Tb2Mo3O12:Eu3+.46

3.5. Judd–Ofelt analysis of the intensities of the electronic
transitions in Gd9.33�xEux(SiO4)6O2

The Judd–Ofelt (JO) theory allows for the quantitative analysis of f–f
electronic transitions of lanthanide ions and provides the Judd–
Ofelt intensity parameters (O2 and O4), the value of radiative
lifetime and the intrinsic quantum yield.51,52 The O2 and O4

parameters, as well as the relationship between both parameters,
demonstrate the nature and extent of bonding of the Eu3+ with the
ligands and the degree of asymmetry around the metal ion site.53

For Gd9.33�xEux(SiO4)6O2 phosphors, the JO intensity parameters
O2 and O4, shown in Fig. 11 were calculated from the respective
emission spectra using JOES software36 (see the ESI,† Section S1 for
details of calculation) and assuming the refractive index to be 1.8.54

The O2 parameter is strongly dependent on the 5D0 - 7F2

transition rate and on the symmetry around Eu3+.55,56 Fig. 11

Fig. 10 Charge-transfer model fit (solid line) for temperature-dependent emission integrals of the experimental data (dots) for the Gd9.05Eu0.28(SiO4)6O2

phosphor (integral values are normalised to that obtained from the spectrum measured at 25 1C).

Fig. 11 Values of the Judd–Ofelt O2 and O4 intensity parameters estimated from the emission spectra as a function of the Eu3+ concentration of the
Gd9.33�xEux(SiO4)6O2 (0.03 o x o 1.87) phosphors.
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shows that the O2 value decreases when the Eu3+ doping
content increases, which implies a decrease in the average
distortion of the Eu3+ cation coordination polyhedra and
perhaps a reduction in covalent nature.53 As stated previously,
the available crystallographic sites for Eu3+ are 4f and 6h with
C3 and CS symmetry respectively. The decrease of O2 shown
in Fig. 11 suggests that the higher local symmetry site (C3) is
preferentially occupied at higher Eu3+ concentrations. This is
consistent with the arrangements found in other series of
phosphors based on the apatite structure type, such as
A2Y8(SiO4)6O2 (A = Ca, Sr).57 The values obtained range
from 6.9(7) to 6.2(6) � 10�20 cm2, which is in accordance with
those reported in the literature for Sr0.2Ca9.65Eu0.1

(PO4)6(OH)2,56 O2 = 6.68 � 10�20 cm2; Ca9.5Eu0.5(PO4)6(OH)2,58

O2 = 6.85 � 10�20 cm2; and Sr9.95Eu0.05(PO4)6(OH),59 O2 = 6.83 �
10�20 cm2.

The O4 value is dependent on the 5D0 - 7F4 transition
(emission peak at 705 nm). This parameter is related to the
viscosity and rigidity of the matrix. In Fig. 11, O4 experiences a
small increase with an increasing Eu3+ concentration. The values
obtained range from 2.3(2) to 2.7(3) � 10�20 cm2. O6 was not
calculated as the very weak emission arising from the 5D0 -

7F6

transition is out of the measurement range of our device.
The observed lifetimes, tobs, were measured following the

procedure described in the Experimental section. The natural
radiative lifetimes, trad, were calculated from the total spontaneous
emission rate constant, tobs

�1. Fig. 12 shows a comparison of
the lifetime values as a function of the Eu3+ doping level. The
difference in value between radiative and observed lifetimes
represents the non-radiative lifetime, tobs

�1 = trad
�1 + tnrad

�1.
The value of radiative lifetime slightly increases with the
increase in Eu3+ doping concentration, Fig. 11 (blue symbols)
due to small variations in symmetry around Eu3+ which is
consistent with the previous discussion of the O2 value
change with Eu3+ doping concentration (Fig. 10). However,
the increase in Eu3+ concentration causes an increase in the
non-radiative rate (i.e. the decrease in the non-radiative life-
time, tnrad) due to the energy migration between Eu3+.
This effect becomes pronounced for Eu3+ concentrations larger

than the critical concentration (x = 0.93) when the average distance
between activator ions is small enough for the dipole–dipole
mechanism to become significant. Then, the observed lifetime,
Fig. 11 (red symbols) starts to decrease. The results of JO calcula-
tions are thus consistent with the analysis of the temperature-
induced emission quenching discussed in Section 3.4.

The intrinsic quantum efficiency of Eu3+ emission, Z, was
calculated (see the ESI,† Section S1 for details of calculation) for
the different Eu3+ doping concentrations as given in Table 2.
The highest intrinsic emission efficiency of 75% is found for x =
0.93, in agreement with the threshold for concentration
quenching (note that JO theory may overestimate the value of
quantum yield, but by no more than 10%60). The values listed
in Table 2 are comparable to those reported in the literature for
other apatite-type materials, e.g. Z = 63% for Ca9.9Eu0.1

(PO4)6(OH)2,61 Z = 62% for Ca9.85Eu0.1(PO4)6F2,62 and Z = 66%
for Ca9.95Eu0.05(PO4)6(OH)2.58

Fig. 13 shows the temperature dependence of the JO O2

and O4 parameters (the limitation of the calculation is the
assumption that the refractive index is independent of
temperature).63 Values were obtained for each temperature in
25 1C steps from 25 1C to 475 1C (see Table S5, ESI† for
numerical values). The O2 value remains almost constant up
to 150 1C but then decreases rapidly with temperature. This
increase of local symmetry is related to the higher disorder
presented for the structure at high temperature, with the Eu3+

coordination polyhedra becoming more regular, and perhaps
due to a reduction in covalency. The O4 parameter stays
constant because the Gd9.05Eu0.28(SiO4)6O2 structure is quite
rigid and thermally stable (as confirmed by VT-PXRD), as
expected for the apatite structure, and justifying the choice of
this material as a phosphor host.

Fig. 12 The radiative and experimentally observed lifetimes (blue and green data points respectively) as a function of the Eu3+ doping level for the
Gd9.33�xEux(SiO4)6O2 phosphors (0.03 o x o 1.87).

Table 2 Intrinsic efficiency of emission, Z, for the Gd9.33�xEux(SiO4)6O2

phosphors

x 0.03 0.05 0.07 0.09 0.19 0.28 0.47 0.65 0.93 1.4 1.87

Z (%) 68 73 71 71 72 73 75 73 75 61 55
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4. Conclusions

A new Gd9.33�xEux(SiO4)6O2 (0.03 o x o 1.87) phosphor series
based on apatite-type silicate host shows narrow-band red
emission centred at 614 nm, with exceptionally high colour
purity of 94.2%. The structure of the host, together with the
reduction in the covalent character of the interaction of Eu3+

with the counterions with increasing temperature, confer excel-
lent optothermal stability on this phosphor: the emission
intensity is reduced by only 10% at 150 1C compared to room
temperature. Thermal quenching of emission was modelled
using the charge-transfer model, and the activation energy of
the thermal quenching process was found to be 0.54(1) eV. The
highest quantum yield of about 75% is achieved with the
relatively high doping level of 10% of Eu. Such high efficiency
is a consequence of the highly asymmetric crystallographic
sites where the Eu3+ ions are located and the large distance
between them. The latter means that concentration quenching
does not occur significantly until relatively high dopant con-
centrations are reached (410% of Eu), beyond which electric
dipole–dipole energy transfer between Eu3+ starts to compete
with the radiative transition.
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2017, 73, 570–576.

18 Y. Liu, Z. Wang, J. Zhong, F. Pan, H. Liang and Z. Xiao,
Mater. Lett., 2014, 129, 130–133.

19 H.-S. Roh, S. Lee, S. Caliskan, C. Yoon and J.-K. Lee, J. Alloys
Compd., 2019, 772, 573–578.

20 L. Li, W. Chang, W. Chen, Z. Feng, C. Zhao, P. Jiang,
Y. Wang, X. Zhou and A. Suchocki, Ceram. Int., 2017, 43,
2720–2729.

21 Z. Fu, X. Wang, Y. Yang, Z. Wu, D. Duan and X. Fu, Dalton
Trans., 2014, 43, 2819–2827.

22 L. Shi, S.-w. Zhao, Z. Ying, Y.-j. Han, M. Li, M.-y. Zhang and
Z.-w. Zhang, J. Mater. Sci.: Mater. Electron., 2019, 30,
1803–1812.

23 P. Zhu, H. Zhu, W. Qin, B. H. Dantas, W. Sun, C.-K. Tan and
N. Tansu, J. Appl. Phys., 2016, 119, 124305.

24 A. M. Latshaw, K. D. Hughey, M. D. Smith, J. Yeon and
H.-C. zur Loye, Inorg. Chem., 2015, 54, 876–884.

25 M. M. Rodrı́guez-Garcı́a, J. A. G. Williams and I. R. Evans,
J. Mater. Chem. C, 2019, 7, 7779–7787.

26 S. Cui and G. Chen, Mater. Res. Express, 2019, 6, 096201.
27 A. S. de Oliveira, B. H. S. T. da Silva, M. S. Góes, A. Cuin,
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