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The structural and optical properties of Europium (Eu®*) ions doped magnesium borophosphate
(MBP) ceramic synthesized via solid state reaction method have been studied. The influences of
varying Eu203 concentrations on structural and optical properties have been determined. X-ray

Diffraction (XRD) pattern revealed that the prepared MBP ceramic existed in polycrystalline phase of
B(POs4), Mg(POs)2 and Mgs(BO3)(PO4). FTIR spectra displayed the presence of P-O stretching modes
of P-O-P, P=0 and POs unit, BO3 and BO4 bridging oxygen. The emission peaks of Eu®** doped
sample were located at 593 nm, 613 nm, 657 nm and 700 nm due to the transitions of 5Do- "Fy ( J =
1,2,3 and 4). The 1.5 mol % of Eu** doped MBP ceramic showed an intense luminescence with a
very sharp peak dominated by the °Do-"F1 transition at 593 nm.
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INTRODUCTION

Ceramics have been extensively investigated because it is crucial
in the development of laser and solid-state lighting. New ceramic
materials have been developed for advanced ceramic engineering
applications especially in semiconductors (Daqin et al., 2017). To
date, ceramic plays an important role in the human economy and
everyday life, such as in optical devices and electronics due to its high
temperature resistance, high hardness, corrosion resistance, and
electrical conductivity (Chen et al., 2015). Ceramics are not only
known for their excellent thermal and mechanical properties, they also
have the potential to become good luminescence material due to its
opaque characteristic which enhances the absorption efficiency of rare
earth ions (Xu et al, 2015). This excellent property makes them
further usable in optimizing luminescent material.

Phosphate (P,Os) exhibits lot of advantages as host material
compared to borate and silicate due to its easy preparation in various
composition, high thermal expansion -coefficient, low melting
temperature, high ultra violet (UV), and far infrared transmissions
(Liu et al., 2015). However, this material also has some disadvantages
such as poor chemical durability, high hygroscopic, and volatile
nature of phosphate which limit them from replacing conventional
ceramics in technology applications (Xiaobin et al., 2019). To
overcome this, an addition of borate into the phosphate host will alter
the structural unit of the network (Areej et al, 2020). The
incorporation of metal oxide is necessary due to confinement of
phosphate in chemical durability in order to stabilize the ceramic
structure. According to a previous study, comparing to pure borate
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and pure phosphate alone, the combination of phosphate and borate is
rather an intrinsically interesting subject of study due to the stability
of borophosphate (BP) compound (Mengjie et al., 2019, Leong et al.,
2015).

The basic units of borate are trigonal BO; groups while the
phosphate is POy tetrahedra that linked through the covalent bridging
oxygens. Fei et al. stated that BP is drawing a tremendous attention
due to the combination of the two network formers borate and
phosphate which are motivated by replacing P-O-P bonds to P-O-B
bonds in the ceramic structure. Metal oxides such as MgO are found
to be good stabilizers due to MgO can act as modifier which able to
change the structural features of the ceramic network (Chye ef al.,
2017). MgO as a modifier imparts better chemical durability and have
a strong influence on the structural properties. This oxide entered the
network in two forms either as modifier or as both modifier and
former. Recently, rare earth ions (REIs) doped ceramic received large
attention due to its diverse applications. Some of the applications
include medical equipment, solid state laser and visible display
devices (Sen et al., 2019). The intensity of emission is affected by the
ability of the luminescence material to fully occupy an electronic
excited state, as well as the ability to inhibit its non-radiative decay
(Libin et al., 2018). It is well known that Eu®* is one of the most
important activators for many different host lattices because of its rich
red emission where are widely used in field emission technology and
LEDs (Xiangyu et al., 2017). Previous research reported that
LaAlGe,O7 doped Eu* has been identified as another good material
which displayed an intense red emission under ultraviolet (UV)
sources (Chun Li et al., 2010). Besides, LaAlGe,O7 doped Eu** ions
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show good luminescence properties in variety of lattices. Thus,
LaAlGe,0O7 doped Eu’* is a potential red-emitting phosphor due to
excellent luminescent properties and is used as novel optical
materials. Up until now, REIs doped luminescence material has
become an interesting topic in luminescence area. In order to pursue
this area, a new ceramic composition was developed and presented.
The influences of Eu®" in polycrystalline structural system of
magnesium borophosphate (MBP) ceramic are still remained and its
detailed analysis about this impact has not been established yet.
Moreover, doubtfulness of the influence activator concentrations of
Eu’* onto host network modified luminescence properties should be
clarified in this study. A detailed study on Eu’* doped MBP ceramics
was carried out and the result was analyzed and presented.

MATERIALS AND METHODS

Raw materials i.e. phosphoric acid (H3;PO), orthoboric acid
(H3BOs, Sigma Aldrich 99.9%), magnesium oxide (MgO, Sigma
Aldrich 99.9%), and Europium (III) oxide (Eu,O;, Sigma Aldrich
99.9%) were weighed and mixed according to the compositions,
respectively. These mixtures were stirred using a magnetic stirrer at
80 °C for 2 hours to ensure the homogeneity of the samples before
being placed into an alumina crucible. These samples were calcined at
900 °C for 5 hours in the furnace. After that, all samples were
grounded into powder for structural and luminescence analysis. The
crystallization phases were identified using X-ray Diffractometer
(Siemens Diffractometer D5000) system operating at 40 kV, 30 mA in
the 20 range from 10 °to 90 °. FTIR spectroscopy was used to identify
the functional group bonding vibrational modes. A 2 mg of powder
sample was mixed with potassium bromide in the ratio of 1:100
before pressed into pellet form with thickness of 1.0 mm and 2 cm
diameter under pressure of 5 ton per square inch. The FTIR Spectra in
the 400-4000 cm ! range were recorded by Perkin-Elmer Spectrum
one FT-Infrared Spectrum with 100-step scanning at 4 cm™ resolution.
Emission spectrum and lifetime measurement of samples were
analyzed using Jasco Photoluminescence Spectroscopy. The sample is
placed in the sample holder and scanned with xenon lamp as a source
of excitation for emission spectrum wavelengths in the visible range
from 200 nm to 900 nm. The nominal compositions and the codes of
synthesized ceramic were listed in Table 1.

Table 1 Sample codes and their nominal compositions (mol %).

Sample code B20s P20s MgO Eu203
MBP:Eu0.5 59.5 15.0 25.0 0.5
MBP:Eu1.0 59.0 15.0 25.0 1.0
MBP:Eu1.5 58.5 15.0 25.0 1.5
MBP:Eu2.0 58.0 15.0 25.0 2.0

RESULTS AND DISCUSSIONS

X-ray diffraction analysis

XRD pattern is one of the most convenient and common method
to determine the phase of sample. Fig. 1 presents the XRD pattern of
MBP ceramic.

Fig. 1 displays the XRD pattern which consisted of sharp peaks
indicating the prepared samples are confirmed in polycrystalline
phases such as B(PO4), Mg(BO3)(PO4), and Mg(PO3)2. These strong
and narrow peaks clearly indicated that the prepared samples are of
good crystalline order. The pattern exemplified the Mg(BO3)(PO4)
peak is in good agreement with standard JCPDS card number (00-
053-0778) and becoming predominant phase followed by monoclinic
crystal of Mg(PO3)2 (00-027-1273) and tetragonal crystal of B(PO4)
(01-072-9921) phase. Interestingly, doping of Eu3+ shows no
additional peak which confirmed none additional impurity phases

formation and due to its small concentration in samples. This XRD
pattern exhibits that the europium ion has been uniformly dispersed
into the structure network of MBP ceramic as reported elsewhere (Shi
etal., 2013).
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Fig. 1 XRD pattern of MBP:Eu1.5 and undoped sample as reference.

Infrared spectra

The structural features of corresponding magnesium
borophosphate ceramic were measured by means of FT-Infrared
Spectroscopy. The main goal of infrared spectroscopy analysis is to
determine the functional group in the sample. The discussion will be
on the absorption spectra obtained in the frequency ranging from 400
to 4000 cm! for all samples. The infrared spectra in Fig. 2 clearly
comprised of main sharp distinctive and characteristic absorption
bands of prepared samples. These bands are due to main
borophosphate network group vibration. Table 2 summarized
infrared peak positions and bonding vibration assignments. The
vibrations of the borate network appeared in the range between 800-
1600 cm!. The absorption band around 800-1200 cm™! are assigned
to BO,4 unit and the band around 1200-1600 cm™! are allocated to the
vibration of borate in BO; units. The absorption band of BOjs is
consistent for all prepared samples with various concentrations of
Eu,O3. Meanwhile, the infrared band located around 1250 cm™ is
indicated to Mg-O bending vibration (Lei ef al., 2018). There are
four main regions which can be acknowledged for phosphate. The
region around 710-950 ¢cm™! is known as P-O-P terminals and the
band at 1300 cm! is due to the P=0 vibration in PO4 unit. The other
band at 1090 cm™ is characterized as O-P-O group of non-bridging
oxygen in phosphate chain. The vibration of PO; is identified at
1170-1200 cm!. The bands located around 1650 cm™! to 1700 cm™ is
relatively weak and can be described as the stretching vibrations of
P-O-H group (Kumar ez al, 2018). Further, formation of hydroxyl
groups corresponded to the H-O-H and OH group are appeared in the
range of 1600 ¢cm™ to 1700 cm™' and 32 00 cm™ to 3400 cm,
respectively. The infrared spectrum exhibits two broad bands in the
range of 1900 to 4000 cm™ which showed the characteristic of H,O
bands.
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Fig. 2 Infrared spectra of (a) MBP:Eu1.5 ceramic and (b) Undoped
sample for comparison.

From Fig. 2, the bands at 3220 cm™ and 3445 cm™! can be
attributed to the symmetric stretching vibration of (O-H) and (H-O-H)
which is related to vibration of water and hydroxyl group in the
sample. In particular, the atmospheric moisture is easily absorbed by
the sample powder causing the appearance of infrared band belonging
to H,O molecules although the sample under investigation does not
contain H,O as unit in the network. The occurrence of these bands is
probably due to water absorptions during the pallet preparation with
KBr. It is clear from Fig. 2, the addition of the Eu?* in the magnesium
borophosphate ceramic did not show any permanent changes to the
infrared spectra. This result is consistent with the previous report that
implies no additional peaks were observed in infrared absorption
bands (Wang et al., 2017).

Tables 2 Infrared bands assignments of the present magnesium
borophosphate ceramic.

Band Center Assignments

(cm™)

600-800 B-O stretching vibrations in borate groups
846-860 Attributed to PO, stretching of the doubly
bonded oxygen vibrations (P=0)

905 Asymmetric stretching vibration of P-O-P
groups

1285 Mg-O bending stretching

1087 Asymmetric stretching of PO3 groups

860-1200 B-O bending vibrations in BO4 unit

1200-1600 B-O stretching vibration in BOs unit

1650-1700 P-O-H stretching vibrations

1634 Different stretching modes of (OH) group

3498 Asymmetric and symmetric stretching modes of

interstitial H,O molecule

Luminescence spectra

Fig. 3 illustrates the luminescence spectra of MBP:Eul.5 under
390 nm excitations. All peaks of Eu** are observed in the visible
region spectral range of 550 to 750 nm.
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Fig. 3 Luminescence spectra of Eu® ions doped MBP:Eu1.5 ceramics
[Inset shows the schematic energy level diagram for Eu®* emission at
390 nm excitation].

The Eu,Os concentration dependent emission spectra (Fig. 3)
consist of intense emissions at 593 nm (orange), 613 nm (red), 652 nm
(red), and 700 nm (red) which nominated to the transitions of 3Do-"F;
(J =1, 2, 3, 4). These emissions intensities illustrate that the peak at
593 nm is stronger than 613 nm which means it was dominated by the
SDy-'F) transition. It is well-known that the Dy -’F transition belongs
to the magnetic dipole transition which scarcely changed the crystal
field strength around the Eu®* ions (Matas et al,, 2016). This signifies
that Eu’* occupied the inversion symmetry site in the lattice. On the
other hand, the electric dipole transition (*Do-"F») is prominent in the
emission spectra and its intensity appeared very sensitive to the
symmetrical site of the Eu’* ions (Aziz ef al, 2017). Insert figure
describes the energy levels for the emissions’ process observed for
Eu’* ions doped MBP ceramic. Energy diagram shows that the
absorption of Eu*" ions are excited from "Fy level to higher level (°Ly)
with 390 nm excitation wavelength via ground state absorption
(GSA). Then, the electron is expected to relax at 3Dy level as the
metastable level through the relaxation process before it undergoes to
a stable state. The Eu’* ions are partially relaxed at °D, and *D; levels
as non-radiative (NR: ’Ls —>D,,;). These NR emissions is released in
form of heat and disappeared due to energy loss. From °Dy level,
electrons are straightly dropped to ’Fi, ’Fa, 'Fs and 7F4 levels’
emissions. The first wavelength gives orange emission spectrum at
593 nm followed by red emission spectrum at 613 nm, 657 nm and
700 nm. All transitions of emission spectra of Eu’* can be
corresponded to energy level. The composition with the highest
luminescence intensity is associated by the influence of various
concentrations of Eu®* ions. Fig. 3 displays the room temperature
luminescence spectra of all MBP ceramic samples with excitation was
at 390 nm. It describes the variation of intensity bands as function of
Eu’* concentrations within the range of 550 nm to 720 nm.
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Fig. 4 Luminescence spectra of all ceramic samples with 390 nm
excitation.

The luminescence spectra in Fig. 4 exhibits emission bands at 593
nm, 613 nm, 652 nm, and 700 nm corresponding to *D¢-"F; (J=1, 2,
3 and 4) levels. It is found that the emission intensity for the transition
of SDy—’F; is much stronger than Dy—"F; Intensity of the emission
is significantly increased as the concentration of EuOs3 is increased.
Generally, the optimization of Eu** concentration is influenced by two
main factors which is the higher concentration of doping leads to the
increment of the luminescence centers number thus increasing the
radiative recombination. Consequently, there is also an increase of the
probability of energy transfer between europium ions, which
enhanced the efficiency of the nonradiative processes (Kolesnikov et
al., 2017). As can be seen, first emission intensity increased with the
increasing of doping concentration of Eu’' ions. However further
increased concentration of beyond 1.5 mol% intensity significantly
reduced. This phenomenon is called the concentration quenching
effects of Eu’* in MBP ceramic. The quenching and enhancement
constituent for each transition is evaluated and listed in Table 3.

Table 3 Eu203 concentration dependence of integrated emission
intensity °Do- "Fy (J = 1,2,3,4).

samplocods  E60; gt ety
MBP:Eu0.5 0.5 1:1:1:1
MBP:Eu1.0 1.0 1.19:1.22:1.19:1.20
MBP:Eu1.5 1.5 1.33:1.47:1.28:1.29
MBP:Eu2.0 2.0 0.62:1.20:0.68:0.60

From the luminescence spectra, the integrated intensity of the
SDy—"F, transition is plotted versus Eu,O3 concentrations as shown in
Fig. 5.

-a-'D ~'F, (593 nm) *

i

Integrated intensity (a.u.)

L
[
0.5 , 1.0 1.5 2.0
+ .
Eu  concentration (mol %)
Fig. 5 Dependency of °Do—F;integrated emission intensity of

MBP:Eu® on doping concentration upon 390 nm excitation.

The quenching and enhancement factor for Dy—F; transition are
presented in Fig. 5. The intensity is first increased from 2026 a.u. to
2708 a.u. at 1.0 mol % of EuxOs and decreased thereafter. It suggested
that both multiphonon relaxation and cross-relaxation by resonant
energy transfer were responsible for the reddish orange emission
enhancement as described elsewhere (Das er al, 2012). However,
beyond 1.5 mol %, the emission intensity decreased due to the
concentration quenching on the luminescence. This was attributed by
the excessive doping of emission spectrum ion in inorganic materials
which leads to a slight decrement in emission intensity. This result is
consistent with the previous research which is called as a phenomenon
of concentration quenching (Bandi ez al., 2012). This quenching takes
place when the migration ions to excitation energy between the
emission ions or the migration of energy to quenching centers thus the
excitation energy was lost via a non-radiative transition (Song ef al.,
2013). Additionally, the decrement intensity of emission may be due
to alteration structural by interaction among Eu* ions in the network
structure of ceramics. From the result in Fig. 4 it can be concluded
that 1.5 mol % at 593 nm is the optimum concentration of Eu** which
is potentially used for display materials emitting reddish orange color
applications. Tables 4 and 5 enlist the estimated full width at half
maximum (FWHM) and the quality factor (Q) for the prepared
samples.

Table 4 Peak transitions and FHWM (nm) of prepared ceramics.

Sample Eu203 FWHM (nm)
code (mol%) ~5p,7F;  Do>'F; _ *De—'Fs _ "Do—'Fa
MBP:Eu0.5 0.5 7.05 10.92 12.86 12.53
MBP:Eu1.0 1.0 6.98 11.19 12.97 12.15
MBP:Eu1.5 1.5 5.40 10.64 12.9 11.92
MBP:Eu2.0 2.0 6.32 11.25 12.25 12.51
527
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Table 5 Peak transitions and quality factor (Q) of prepared ceramics.

Sample Eu203 Quality factor, Q
Code (mol%) "5p,57F;  Do—'F; _ *De—'Fs _ "Do—'Fa
MBP:Eu0.5 0.5 84.11 56.13 50.69 55.86
MBP:Eu1.0 1.0 84.95 54.78 50.26 57.61
MBP:Eu1.5 1.5 109.81 57.61 50.26 58.72
MBP:Eu2.0 2.0 54.48 54.48 53.22 55.95

Table 5 shows the Eu,O; concentrations dependent quality factor,
which is the main indicator of stimulated emission for laser active
medium (Zhi et al., 2019). With increasing concentrations of Eu,O3,
the corresponding quality factor values remarkably increased. A
higher value of quality factor indicated more intense laser transitions
(Aziz et al., 2017, Lyuchao et al., 2019). The presence of EuyOs3
undoubtedly decreased the non-radiative energy loss.

Fig. 6 shows the decay profile of Eu’" emission for Dy — ’F;
transition recorded at room temperature by exciting with 390 nm
wavelength.

—— MBP: Eu0.5 (texp =0.77 ms)
—4— MBP: Eul.0 (tMp =0.80 ms)
—a— MBP: Eul.5 (texp =0.84 ms)
—+— MBP: Eu2.0 (te‘p =0.81 ms)

o
L

Normalized intensity (a.u.)

>

75 80 85 90 95
Time (ms)

Fig. 6 Decay profile for Do — 7Fi emission of magnesium
borophosphate ceramic under excitation 390 nm.

Fig. 6 exhibits a strong dependence lifetime of Dy level (*Dy—"F;,
593 nm) on concentrations of Eu,O3 at 390 nm excitations. The decay
curves of all the prepared ceramics were found to be single
exponential and enlisted in Table 6.

Table 6 Eu:03 concentrations dependent T value of Do — 7F4
transitions.

Eu,0s 'I;ransition
Sample (mol %) . Do—> F1 T (ms)
(nm)
MBP:Eu0.5 0.5 592 0.77
MBP:Eu1.0 1.0 592 0.80
MBP:Eu1.5 1.5 593 0.84
MBP:Eu2.0 2.0 593 0.81

The excited state lifetime of each sample was calculated via,

A = Iy e v

(1

where /; and /j are the luminescence intensities at time t = 0 and at ‘t’
respectively, t is the lifetime of the excited level (Aziz et al., 2018). In

the present study, the calculated values of experimental lifetime (1) for
the MBP:Eu0.5, MBP:Eul.0, MBP:Eul.5 and MBP:Eu2.0 samples
were 0.77, 0.80, 0.84 and 0.81 ms, respectively. The range of lifetime
of the samples in a good agrees with the previous reports on decay
analysis of europium ions (Meng et al., 2015). It is well known that
this attributed of conjunction of rare earth clustering with energy
transfers between clustered ions by a cross-relaxation mechanism or
phonon-assisted energy transfer. As a result, at higher concentrations
of EwOs the lifetime of emission dramatically drops due to the
formation of exchange coupled Eu pairs (Qolyeva ef al., 2019). The
reduction of the sample lifetime at room temperature ascribed to
thermal quenching. The lifetime of MBP:Eul.5 ceramic is slightly
longer compared to other ceramic samples which further indicates that
rare earth ions were successfully embedded in the crystal phase and
prove the low phonon energy environment of Eu** ions in the ceramic.
Luminescence lifetimes for excited states of rare earth ions usually
increase due to higher multiphonon relaxation rates and lower
radiative quantum efficiencies (Qui et al., 2017). Therefore, it is in
agreement with luminescence emission spectra intensity where
stronger-luminescence intensity shows slower decays emission.

CONCLUSION

The influence of Eu,O3 incorporated on the structural and optical
properties of MBP ceramic system were established. Ceramic samples
was prepared via solid state method and thoroughly characterized.
XRD pattern affirmed the polycrystalline phases of prepared
ceramics. FTIR spectra revealed the presence structural units of
phosphate and borate in ceramic network irrespective of EuOs
concentrations. The observed luminescence enhancement and
quenching was ascribed to the interaction among europium ions.
Among the studied ceramics, MBP:Eul.5 ceramic displayed the
highest intensity corresponding to the 5Dy —’F; transition at 593 nm.
Results suggested that these ceramics can be promising for
development of solid-state lasers application.
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