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New phosphors Ca2Mg(BO3)2: Ce3+ were synthesized by the solid-state reaction method at a high temperature. Te phase purity
was characterized by powder X-ray difraction (XRD). Te ultraviolet-visible (UV-Vis) optical properties of Ce3+ have been
investigated, and the lowest 5d levels, the emission, and the Stokes shifts of Ce3+ in the host lattice were identifed. In addition, its
concentration quenching process was also studied. Te results show that Ce3+ ions enter Ca2+ sites with only one emission in
a UV-Vis range and that the optimum doping concentration is x� 0.05. Te excitation and emission spectra were evaluated to
clearly reveal luminescence features.

1. Introduction

Rare earth ion-doped borates were extensively studied be-
cause of their excellent luminescent properties and wide
applications, such as SrB4O7: Eu in UV-emitting medical
lamps, GdMgB5O10:Ce3+, Tb3+ as a green component of
tricolor lamps, and (Y, Gd)BO3:Eu3+ as a red phosphor in
plasma display panel devices (PDPs) [1, 2].

Trivalence cerium ions (Ce3+) have 4f1 confgurations,
and Ce3+ activated inorganic luminescent materials can
realize the ultraviolet to red emission due to the host-
dependent 4f-5d transition luminescence characteristics of
Ce3+ [3–7], which makes Ce3+ activated phosphors signif-
icant candidates for pc-LEDs. Because the f-d transitions of
Ce3+ are partly allowed, they have large absorption cross-
sections and appear as intense bands in spectra, and hence,
luminescent materials doped with Ce3+ absorb the excitation
energy efciently. Te most famous is Y3Al5O12: Ce3+, and it
can absorb blue light and converts it with high efciency into
yellow emission. Te phosphor is now widely used as the
yellow component in GaN-based white-emitting LEDs
(light-emitting diodes) [8–12].

Ce3+ has the 4f1ground-state confguration with the frst
excited states belonging to the 5d confguration. Te

excitation spectrum of Ce3+5d-4f emission provides in-
formation on the crystal-feld splitting and the centroid
energy of the 5d states in a host lattice. Similar crystal-feld
splitting is expected for all lanthanide ions in the same host
lattice. Tat is, when the 5d level energies of Ce3+ are known
in a specifc host lattice, they can be used to predict the 5d
states for the other lanthanide ions in that same lattice. Te
investigation of the spectroscopic properties of Ce3+ in
diferent host lattices is then important not only for possible
application but also for basic research.

In 1974, Verstegen frst reported the luminescence of Tb3+
in X2Z(BO3)2 (X�Ba, Sr; Z�Ca, Mg) [13]. It is reported that
Ca2Mg(BO3)2 is tetragonal and that Ba2Mg(BO3)2 is hexagonal
and isomorphous with the mineral buetschliite. Ba2Ca(BO3)2
and Sr2Mg(BO3)2 are related to buetschliite, but their dif-
fraction patterns point to a crystallographic system of lower
symmetry [14, 15]. As a series of borates with relevant com-
position and structure, a comparison of Ce3+ luminescence
properties in Ba2Mg(BO3)2, Ba2Ca(BO3)2, and Sr2Mg(BO3)2
was conducted in our present work [16–20]. Ce3+ in iso-
morphic Ba2Ca(BO3)2 and Sr2Mg(BO3)2 showed similar ex-
citation spectroscopic properties but was diferent from that in
Ba2Mg(BO3)2. Because of the diferent coordination poly-
hedrons, Ce3+ ions in former two hosts showed larger crystal-
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feld splitting values. Owing to stronger electron-lattice in-
teraction, the Stokes shift was larger for Ce3+ in Ba2Mg(BO3)2.
To fully present Ce3+ luminescence in borates X2Z(BO3)2
(X�Ba, Sr, Ca; Z�Ca, Mg), here, we have reported Ce3+
luminescence properties in another borate Ca2Mg(BO3)2.

2. Materials and Methods

Te samples were prepared by a solid-state reaction route at
a high temperature. Te reactants include analytical grade
pure CaCO3 (AR), MgO (AR), and H3BO3 (AR, excess 3mol
% to compensate evaporation), and 99.95% pure rare-earth
oxide CeO2 and Na2CO3 (AR) were added as charge
compensators in all rare-earth doped samples. According to
the nominal compositions of compounds, an appropriate
amount of starting materials was thoroughly mixed and
ground, and subsequently, the mixture was prefred at 500°C
for 1 h. After milling for a second time, the samples were
calcined at 950°C for 6 h in a CO-reducing atmosphere. After
these steps, the temperature was slowly cooled down to room
temperature.

Te structure of the fnal products was examined by X-
ray powder difraction (XRD) using Cu Kα radiation on
a RIGAKU D/max 2200 vpc X-ray difractometer with
40 kV, 30mA.Te UV excitation and emission spectra of the
phosphors were recorded on an EDINBURGH FLS 920
spectrofuorometer at room temperature, and a 450W xe-
non lamp was used as an excitation source.

3. Results and Discussion

3.1. Powder X-RayDifraction (XRD). Temeasurements on
powder X-ray difraction for all samples were performed to
verify the phase purity and to check the crystal structure.Te
XRD patterns of samples Ca2(1− x)CexNaxMg(BO3)2 (x� 0,
0.01, 0.03, 0.05, 0.07, and 0.09) are presented in Figure 1.Te
results show that all Ce3+ion-doped samples in the

investigated concentration range are also of a single phase,
which are also in line with an undoped sample Ca2Mg(BO3)
2, and the crystal structure is not signifcantly changed when
the doped ions enter into the host and occupy Ca2+ normal
sites. It is reported that Ca2Mg(BO3)2 was isomorphous with
Na2Ca(CO3)2 and tetragonal with a� 5.14 Å and c� 4.41 Å
[13]. According to the efective ionic radii and identical
valence, Ce3+ will mainly enter the Ca2+ sites.

3.2. Te UV-Vis Luminescence Properties of Ca2Mg(BO3)2:
Ce3+. A series of phosphors Ca2(1− x)CexNaxMg(BO3)2
(x� 0.01, 0.03, 0.05, 0.07, 0.09) were measured. As an ex-
ample, the emission spectra of Ca2(1− x)CexNaxMg(BO3)2
(x� 0.05) at 340 nm excitation at RT are illustrated in Fig-
ure 2. Under 340 nm UV light excitation, a broad emission
band peaking at ∼422 nm can be detected, marked as curve a.
Usually, Ce3+ ions in one specifc lattice site will show two
emission bands corresponding to the transitions from the
lowest 5d excited state to the 2F5/2 and 2F7/2spin-orbit split 4f
ground states. Te energy separation of the two emission
bands coincides with the spin-orbit splitting and amounts
about 2,000 cm−1 [5]. Often the two bands are resolvedmuch
better at lower temperatures than at room temperature due
to a decrease in the electron-lattice phonon interaction.

To determine the emission peak positions for Ce3+,
emission spectrum a was ftted with two Gaussian profles
located at about 413 (A) and 457 nm (B). Te energy dif-
ference is 2331 cm−1, which is slightly larger than the ex-
pected value of 2000 cm−1 between 2F5/2 and 2F7/2 of Ce3+. It
may be caused by the weak infuence of the nephelauxetic
efect in the structure. Te full width at half maxima
(FWHM) of Ce3+ emission is estimated to be ∼91 nm.

Since the energy diference between band A and B ap-
proaches with the the 2F5/2 and 2F7/2spin-orbit splittings,
which are attributed to the emission from Ce3+ at one
specifc site, that is to say, there is only one Ca site in
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Figure 1: XRD patterns of Ca2(1− x)CexNaxMg(BO3)2 (x� 0, 0.01,
0.03, 0.05, 0.07, and 0.09).
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Figure 2: UV-Vis emission spectra of Ca1.9Ce0.05Na0.05Mg(BO3)2
at RT.
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Ca2Mg(BO3)2, similar to Ba2Mg(BO3)2, Ba2Ca(BO3)2, and
Sr2Mg(BO3)2 structures. When the Ce3+ ion is incorporated
in Ca2Mg(BO3)2, it may substitute for Ca2+. We have added
Na+ as a charge compensator during synthesis, so the
emission of Ce3+ in Ca2Mg(BO3)2: Ce3+ will be associated
with charge-compensated Ce3+ centers. When Ce3+ enters
one specifc type of Ca2+ sites, the doped compound will
show only one center emission. In addition, we might also
take into account that borate samples are partially hygro-
scopic, and consequently, the efect of UV exposure (due to
the Xe lamp) could induce the radiolysis of the adsorbed
water molecules, where the hydroxyl groups can be weakly
bonded to cations; these OH- ions are released due to the
increase in the temperature or illumination. Tis interesting
efect has been observed in the glow emission of many
diferent materials, which may also be one of the inevitable
infuencing factors on the UV-green emission from insulator
solids [21, 22].

Te UV excitation spectra of Ca1.9Ce0.05Na0.05Mg(BO3)2
under diferent monitoring wavelengths are displayed in
Figure 3, marked as curves a, b, c, and d, respectively. Curves
a, b, c, and d are similar in the range of 250–450 nm. Tree
broad bands labeled A (∼274 nm), B (∼309 nm), and C
(∼340 nm) are clearly observed, and we consider that these
bands are mainly associated with the crystal-feld split 5d
states of Ce3+ in the host lattice. As we all know, no extra line
or band caused by the interactions of f-f or f-d electrons
occurred in Ce3+ excitation spectrum, which directly ex-
hibits the information on the crystal-feld splitting of the 5d
states. Te 5d1 electronic confguration can be split into 2–5
components by the crystal feld, such as bands A, B, and C in
Figure 3. Here, we can estimate the lowest f-d transition(5d1)
absorption of Ce3+ locating at ∼340 nm (band C: ∼29
412 cm−1). Tough the spin-orbit splitting doublet emission
was not well resolved at RT, we can estimate the Stokes shift
(from 340 to 413 nm) to be ∼5199 cm−1. Because the Stokes
shift is fairly small, obvious spectral overlap is observed
between excitation and emission spectra, which directly
shows that the energy transfer between neighbor Ce3+ is
efcient.

Figure 4 shows the emission spectra of Ca1.9Ce0.05-
Na0.05Mg(BO3)2 under 254, 309, 340, and 370nm excitation
wavelengths. In Figure 3, we can see these bands were as-
cribed to the f-d transition absorption of Ce3+ in Ca2Mg(BO3)
2. It can be observed that these emission spectra are almost
similar in shape, except for slightly red shifts at 309 and
370nm excitation. Tis means that, no matter which wave-
length is excited, only the emission from one lattice site can be
observed, which is consistent with the above discussion.

Figure 5 presents the emission spectra of Ca2(1− x)
CexNaxMg(BO3)2 (x� 0.01, 0.03, 0.05, 0.07, 0.09) samples at
340 nm excitation. All the emission spectra are very similar
in shape, the emission intensity frst increases and then
decreases regularly, and the optimal emission intensity
occurs at x ≈ 0.01–0.09. Te decline of the emission intensity
may be ascribed to the concentration quenching efect. In
Figure 6, the concentration quenching curve of Ce3+
emission at 340 nm excitation is plotted. It can be found that
the emission intensity of Ce3+ frst increases with an increase

in Ce3+ concentrations (x), reaching a maximum around
x� 0.05, and then decreases with an increasing concentra-
tion due to concentration quenching.

Based on the optimal Ce3+ doping concentration, the
crucial energy transfer distance (Rc) among Ce3+ ions in the
Ca2Mg(BO3)2 host can be calculated using the following
equation (23):

Rc ≈ 2
3V

4πxcN
􏼠 􏼡

 /3
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Figure 3: UV excitation spectra of Ca1.9Ce0.05Na0.05Mg(BO3)2 at
RT.
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Figure 4: Te emission spectra of Ca1.9Ce0.05Na0.05Mg(BO3)2
under diferent excitation wavelengths at RT.
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where V is the cell volume, N is the number of cations which
were substituted by Ce3+ ions in the unit cell, and xc is the
optimal doping concentration. In present case, V� 320.5 Å3,
N� 4 (for Ca sites), and xc � 0.05. Terefore, the crucial
energy transfer distance can be estimated as 8 Å. Te de-
termined Rc value is slightly larger than 5 Å, indicating that
multipolar interactions are dominant for the concentration
quenching of Ce3+.

4. Conclusions

Te spectroscopic properties of phosphors Ca2Mg(BO3)2:
Ce3+ in UV-Vis ranges were investigated.Te lowest 5d state

of Ce3+ in Ca2Mg(BO3)2 was observed at 340 nm, and the
Stokes shift was estimated to be ∼5199 cm−1. A wider broad
band from 350 to 600 nm emission peaking at 413 and
457 nmwas obtained.Tese information gives us a good idea
that Ce3+ is a good sensitizer to the other doping ions in
Ca2Mg(BO3)2, such as Cr3+, Eu3+, Tb3+, Tm3+, and Nd3+. It
should be noted it could broaden the emission wavelength
range of a phosphor by codoping of Ce3+ and other doped
ions in the Ca2Mg(BO3)2 host lattice; then, potential mul-
tifunctional applications will be realized.
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