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A B S T R A C T

Different series of Li4Ca(BO3)2 singly doped with Ce3+, Tb3+ and Dy3+ as well as codoped with
Ce3+-Tb3+ and Ce3+-Dy3+ pairs were prepared by a one-step solid state reaction method.
Structural, optical and photoluminescence (PL) properties were studied in detail. The powder X-
ray diffraction studies confirmed a single-phased structure with an orthorhombic structure
(Pnnm). Vibrational modes of the BO3 groups were determined using Fourier Transform Infrared
spectra. The band gap value of 4.98 eV was determined from the UV–vis diffuse reflectance
spectroscopy data. The PL of the single and codoped systems were investigated in detail. There
was a significant quantitiy of spectral overlap between the emission spectrum of the Ce3+ and the
excitation spectra of Tb3+/Dy3+, which showed the possibility of energy transfer from the Ce3+

to the Tb3+/Dy3+. Effective sensitization of the Tb3+ and Dy3+ emission was achieved via en-
ergy transfer from Ce3+ in the Li4Ca(BO3)2. The energy transfer mechanism revealed that Ce →
Tb energy transfer occured via an electric quadrupole-quadrupole interaction, whereas Ce → Dy
energy transfer occured via amn electric dipole-dipole interaction. The prepared materials can act
as a strong candidate for near-ultraviolet light emitting diodes and display applications.

1. Introduction

Easy and cheap availability of the raw materials, low synthesis temperatures as well as high chemical and thermal stability has
defined borates as attractive materials for utilization in modern technological applications. Among borates, lithium-based materials
have been reported for various applications such as cathode material in Li-ion batteries, neutron detectors, thermoluminescent
dosimeters (TLD), magneto-optical material, nonlinear optical materials and phosphors [1–7]. In the past decade, extensive research
interest has been developed on the synthesis and characterization of inorganic borates for their possible application as phosphor
materials in white light emitting diodes (WLEDs) due to their high band gap and transparency to a wide range of wavelengths [8].
Several authors have reported borate materials for blue, green and red emitting phosphors for WLED application. The efficient blue
emission and the effect of the addition of monovalent impurities in YAl3(BO3)4 was reported by Satheesh Kumar et al. [9]. Yu et al.
[10] reported peculiar green emission from Ce3+ doped NaBaBO3, which is usually not observed in alkali (M) alkaline (N) earth
borates having formula MNBO3. The stronger crystal field produced due to the occupation of Ce3+ ions in a deformed BaO9 poly-
hedron was deduced responsible for this green emission. Coexistence of red, green and blue emissions in a single-phased white-light-
emitting Ca11(SiO4)4(BO3)2:Ce3+,Eu2+,Eu3+ phosphor for WLED application was reported by Hou [11]. Many other researchers have
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reported red, green, blue and white emissions from several other borate materials doped with different rare earth ions, viz.
YK3B6O12:Eu3+, Tb3+, Ce3+ [12], Ba3Sc(BO3)3:Tb3+ [13], La2CaB8O16:Eu3+,Tb3+ [14], NaSr4(BO3)3:Dy3+ [15], (Sr/Ba)2Mg
(BO3)2:Sm3+ [16] and Li6Y(BO3)3:Eu3+ [17].

In search of new birefringent and nonlinear optical crystals, researchers have found great potential in alkali alkaline earth borates.
While searching for such materials, Wu et al investigated the phase relations in Li2O–CaO–B2O3, and found several new ternary
compounds [18]. One of them was Li4Ca(BO3)2, which was synthesized through a solid-state reaction and reported the ab initio
structural studies on Li4Ca(BO3)2 for the first time. This compound belongs to the orthorhombic space group Pnnm having two
molecules in a unit cell. In the unit cell of Li4Ca(BO3)2, fundamental building units are isolated [BO3]3– anionic groups, which are all
parallel to the a–b plane stacked along the c-axis. The Ca atoms are coordinated by six O atoms to form octahedral coordination
polyhedra, which are joined together through edges along the c-axis, forming infinitely long three-dimensional chains. The Li atoms
have a four-fold and a five-fold coordination with O atoms that lead to complex Li–O–Li chains that also extend along the c-axis [18].
Recently, Neharika et al reported Dy3+ and Sm3+ doped Li4Ca(BO3)2 nano phosphor prepared by combustion synthesis method for
its possible application in solid state lighting (SSL) [19,20]. The energy transfer from sensitizer to activator in the phosphor has been
used to enhance the desired emission from decades. The largely studied pairs for energy transfer are Ce-Tb and Ce-Dy, as Ce doped
phosphors possess the allowed strong broadband 4f-5d absorption in the UV to near-UV (NUV) region and 5d-4f strong broadband
emission in the NUV to blue region [9,11,12], whereas both Tb and Dy show forbidden but weak 4f-4f absorption in the NUV to blue
region [6,21]. Thus, the energy emitted by Ce3+ ions inside the host can be absorbed by the Tb3+ or Dy3+ ion and their emissions can
be enhanced significantly [22–26].

In the present work, the solid state synthesis of Li4Ca(BO3)2 phosphors that were singly doped with Ce3+, Tb3+, Dy3+ and co-
doped with Ce-Tb and Ce-Dy pairs for SSL application are reported. The luminescence energy transfer in Ce-Tb and Ce-Dy co-doped
Li4Ca(BO3)2 has been studied in detail. Also, a schematic energy-level diagram describing the energy transfer from Ce to Tb and Ce to
Dy has been drawn with all possible transitions in the Li4Ca(BO3)2 host.

2. Experimental

Different series of Li4Ca(BO3)2:Ce3+, Li4Ca(BO3)2:Tb3+, Li4Ca(BO3)2:Dy3+, Li4Ca(BO3)2:Ce3+,Tb3+ and Li4Ca(BO3)2:Ce3+,Dy3+

phosphors were prepared by the one-step solid-state synthesis route. Li2CO3 (Loba chemie), CaCO3 (Merck), H3BO3 (Merck),
(NH4)2Ce(NO3)6 (Merck), Tb4O7 (Himedia) and Dy2O3 (Himedia) were used as initial precursors. Stoichiometric proportions of
precursors were homogeneously mixed by using a traditional hand milling process using a mortar pestle. The resultant mixture was
heated at 650 °C for 4 h and then allowed to cool down up till room temperature. The finally obtained powder was pulverized and
used for further characterization.

The phase purity and crystal structure of the as-synthesized phosphors were investigated by powder X-ray diffraction (XRD) with
an X-ray Diffractometer (Panalytical's X'Pert Pro) using Cu-Kα radiation at 40 kV operating voltage and 25 mA current, equipped with
a nickel filter. The XRD patterns were collected in the 2θ range of 10–80° with a step size of 0.02°. The Fourier transform infrared
(FTIR) measurements were performed on an IRAffinity-1, Shimadzu, in ATR mode. For band gap measurement, diffuse reflectance
spectra were collected on a JASCO V-670 fitted with an integrating sphere assembly. The excitation and emission spectra were
measured by using a Shimadzu Instrument RF5301-PC spectrofluorophotometer. All the measurements were carried out at room
temperature.

3. Results and discussion

3.1. Analysis of the phase and the crystal structure

The XRD pattern of the undoped; Ce3+-doped; Ce3+,Tb3+-codoped and Ce3+,Dy3+-codoped samples of the Li4Ca(BO3)2 phos-
phors are given in Fig. 1 (a). Li4Ca(BO3)2 is known to crystallize in an orthorhombic structure [space group: Pnnm (58)]. As de-
monstrated in Fig. 1 (a), the diffraction peaks of all the samples can be easily indexed as single-phase orthorhombic Li4Ca(BO3)2
(ICDD card no. 01-074-4315). There are no traces of impurity phases arising from the doping of lanthanide ions in to the host. The
raw XRD data of the undoped Li4Ca(BO3)2 host was qualitatively analyzed using the Rietveld refinement technique via the Full Prof
software package [27]. The XRD profiles derived from the Rietveld analysis are shown in Fig. 1 (b). The refined lattice parameters
were obtained as; a = 9.2411, b = 8.0933, and c =3.4821 Å, and the corresponding volume was V = 260.4298 Å3 which shows
good agreement with a previous report [18]. As shown in Fig. 2, the B atoms are coordinated to three oxygen atoms forming BO3

triangles, which are connected to Ca and Li polyhedrons through oxygen. The Ca atoms are six-coordinated by the oxygen atoms
forming an octahedral polyhedron, while the Li atoms are seen to exhibit two kinds of coordination. The Li(1) atoms are coordinated
with four oxygen atoms, forming a distorted tetrahedron. The Li(2) atoms are coordinated with five oxygen atoms, forming a dis-
torted trigonal bipyramid. It is well known that an acceptable percentage difference in ion radii between the doped and substituted
ions must not exceed 30%. Herein, it is known that the ionic radius of 6-coordinated Ca2+ is 1.00 Å, which is close to that of Ce3+

(1.01 Å) or Tb3+ (0.923 Å) or Dy3+ (0.912 Å), while the ionic radius of 4 or 5-coordinated Li+ is below 0.9 Å, which is too small for
Ce3+ or Tb3+ or Dy3+ to be substituted. Thus, it is expected that the Ce3+ or Tb3+ or Dy3+ ions substitute at the Ca2+ site. The
charge imbalance can be compensated for by creating the Li+ vacancy.
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3.2. FTIR analysis

To investigate the vibration modes of the different BO3 groups, the FTIR spectra for Li4Ca(BO3)2 was recorded at room tem-
perature and presented in Fig. 3. The FTIR spectrum shows absorption lines from 400 to 1650 cm−1. The bands in the region 1100
and 1600 cm−1 are due to B–O asymmetric stretching vibrations of triangular BO3

3- units. The symmetric stretching bands of B–O
bond in BO3

3- units are observed in the region 800-1100 cm−1. The bands in the range 650–770 cm−1 and 450–580 cm−1 assigned to
the out-of-plane bending and in-plane bending of the BO3 group, respectively. The vibrational frequencies below 450 cm−1 are
attributed to lattice vibrations [4,28].

3.3. Bandgap measurements

Fig. 4 shows the diffuse reflectance spectrum of undoped and Ce3+-doped Li4Ca(BO3)2 phosphor. From Fig. 4, it can be seen that
the prepared host lattice was transparent to a wide range of wavelengths which is characteristic of a good host material for the
phosphor. The Ce3+-doped sample clearly shows the absorption due to the 4f-5d transition of the Ce3+ ion. The diffuse reflectance
spectrum was used to determine the band gap of the prepared material using the Kubelka-Munk theory [29]. The Diffuse reflectance
spectrum was transformed into an absorption spectrum of the prepared material by using the Kubelka-Munk function [30] as in Eq.
(1)

=
−

=F R R
R

K
S

( ) (1 )
2

2

(1)

Fig. 1. (a) XRD patterns of undoped; Ce3+-doped; Ce3+,Tb3+-codoped and Ce3+,Dy3+-codoped samples of Li4Ca(BO3)2 phosphor compared with
the standard ICDD pattern. (b) Observed (crosses), calculated (solid line), and difference (bottom) XRD profiles for the Rietveld refinement of
undoped Li4Ca(BO3)2.
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Fig. 2. Crystal structure of Li4Ca(BO3)2 showing LiO4, LiO5 and CaO6 polyhedra constructed using VESTA software.

Fig. 3. FTIR spectrum of undoped Li4Ca(BO3)2.

Fig. 4. Tauc plot showing the bandgap measurement of the Li4Ca(BO3)2. The inset shows diffuse reflectance spectra of undoped and Ce-doped Li4Ca
(BO3)2.
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Where R is the diffuse reflectance of the sample, K is an absorption coefficient and S is the scattering coefficient. The relation between
the energy band gap Eg and absorption coefficient K of the material for a direct allowed transition is related through the Tauc relation
[31] given by Eq. (2):

= −Kh C h E( ϑ) ( ϑ )g2 (2)

Where hϑ is the energy of the photon and C is the constant of proportionality. The F(R) is directly proportional to the absorption
coefficient and thus, by comparing Eq.s (1) and (2) we get the following relation:

= −F R h C h E[ ( ) ϑ] ( ϑ )g2 (3)

According to Equation (3), a graph can be plotted between F R h[ ( ) ϑ]2 and hϑ (Tauc’s plot). Linear fitting is done in the linear region
of the graph, upon extrapolating the linear line =F R h[ ( ) ϑ] 02 as shown in the inset of Fig. 4. The point of the interception represents
the value of the band gap Eg of the prepared material. The average electronic band gap of Li4Ca(BO3)2 was estimated to be 4.98 eV
which is comparable with previous studies [19,20].

3.4. Photoluminescence (PL)

3.4.1. Photoluminescence studies in Li4Ca(BO3)2:Ce3+

Fig. 5 shows the typical PL emission spectra of Li4Ca(BO3)2:Ce3+ (0.2, 0.4, 0.6, 0.8, 1, 2 mol%) phosphors under excitation at 350
nm. From Fig. 5, it can be seen that the as-synthesized Li4Ca(BO3)2:Ce3+ phosphor exhibits a NUV-blue emission band peaking at 378
nm and 409 nm, which corresponds to the Ce3+ 5d→4f transition. It is well known that Ce3+ ions show double-emission band
corresponding to the splitting of its 4f ground state into the 2F5/2 and the 2F7/2 states due to the spin-orbit coupling [32]. This
emission can be deconvoluted into two Gaussian bands corresponding to the 5d→2F5/2 and 5d→2F7/2 transitions, as shown in Fig. 6.
The emission spectrum can be decomposed into two Gaussian components centered at 26,547 cm−1 (376 nm) and 24,450 cm−1 (409

Fig. 5. PL emission spectra of the Li4Ca(BO3)2:Ce3+ (0.2, 0.4, 0.6, 0.8, 1, 2 mol%) under 350 nm excitation.

Fig. 6. Deconvoluted Gaussians peaks of the PL emission spectrum of the Li4Ca(BO3)2:Ce3+ (1 mol%) showing two-band emission due to the 5d→4f
(2F5/2,2F7/2) transition.
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nm), which are corresponding to the transitions of 5d→2F5/2 and 5d→2F7/2, respectively (Fig. 6). The energy difference between
these two bands is 2097 cm−1. This value is consistent with the difference of about 2000 cm−1 between the two ground states 2F5/2
and 2F7/2 of Ce3+ [10]. This implies that there is only one type of Ce3+ luminescence site in the Li4Ca(BO3)2 lattice, which is
consistent with the fact that only a single crystallographic Ca site is available for Ce3+ substitution. This is in agreement with the
reported structural data and also support our assumption that the rare earth dopant occupies the Ca-site in the crystal lattice. With the
increasing Ce3+-concentration, it can be seen that the intensity of 378 nm peak was slightly higher than the 409 nm peak at lower
concentrations and as the concentration of Ce3+ was increased it reversed and the intensity of the 409 nm peak became higher than
the 378 nm peak at higher concentrations. This indicates that the transition probability of the 5d→2F5/2 (378 nm) emission is higher
at lower concentrations and, with the increasing concentration, the transition probability of the 5d→2F7/2 (409 nm) became higher.

The PL excitation spectrum of the Li4Ca(BO3)2:Ce3+ (1 mol%) in Fig. 7 shows that the phosphor is excitable at different regions
centered at 350, 329 and 292 nm, respectively. These excitation peaks are attributed to the electronic excitation from 4f ground state
to 5d-multiplets of Ce3+. All the peaks in the excitation and the emission spectra are characteristic of 5d-4f transitions of Ce3+. The
inset of Fig. 7 shows the dependence of the integrated intensity on the Ce3+-doping concentration in the Li4Ca(BO3)2:Ce3+ phosphor.
Also, it can be found that the emission intensity enhanced with an increase in the Ce3+ concentration and it reached the maximum
intensity at 1 mol%. Consequently, the concentration quenching occured as the concentration of Ce3+ ions went beyond 1 mol%. In
other words, the emission intensity dramatically declined as the Ce3+-concentration exceeded 1 mol%. This shows that the optimum
doping concentration for Ce3+ ions in Li4Ca(BO3)2 is 1 mol%.

3.4.2. Photoluminescence studies in Li4Ca(BO3)2:Tb3+

Fig. 8 shows the PL excitation spectrum of the Li4Ca(BO3)2:Tb3+ phosphor for 1 mol% of Tb3+ ions by monitoring the emission
wavelength at 545 nm. The excitation spectrum consists of two parts. The first part in the range from 200 to 300 nm is attributed to
the →f f d4 4 58 7 1 transition of the Tb3+ ions. The first part of the PL excitation spectrum reveals two broad bands at 234 and 272 nm

Fig. 7. PL excitation spectra of the Li4Ca(BO3)2:Ce3+ (1 mol%) at 409 nm emission. Inset shows the variation of the PL excitation intensity with
Ce3+-concentration.

Fig. 8. PL excitation spectrum of the Li4Ca(BO3)2:Tb3+ (1 mol%) phosphor at 545 nm emission wavelength. Inset shows the dependence of emission
intensity on the Tb3+-concentration.
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due to spin-allowed 7F6→7DJ and spin-forbidden 7F6→9DJ transitions. The second and the weak part of the spectrum in the range
300–400 nm can be attributed to the →f f4 48 8 transition that contains several weak peaks at 319 nm, 353 nm, 361 nm and 378 nm
corresponding to the parity-forbidden 7F6→5D0, 7F6→5D2, 7F6→5G5 and 7F6→5D3 transitions, respectively [14]. The PL emission
spectra of the Li4Ca(BO3)2:Tb3+ (Fig. 9), excited at 378 nm, consists of four Tb3+ emission peaks at around 490 nm, 545 nm, 586 nm,
and 623 nm corresponding to the transitions from 5D4 to 7F6, 7F5, 7F4, and 7F3, respectively. Among these, the emission intensity at
545 nm was the highest one. The Stark splitting of the Tb3+ emission peaks is attributed to the effect of the ligand field on the Tb3+

ion. The excitation and emission spectra showed that the Li4Ca(BO3)2:Tb3+ is suitable for applications wherein green luminescence
must be obtained by UV-excitation. The blue emissions from the 5D3 level of the Tb3+ ion were not observed for the Li4Ca(BO3)2 even
at low Tb3+-concentrations. This might be due to the cross relaxation process between 5D3 and 5D4 levels or the non-radiative
relaxations that occur from the high energy lattice phonons of the host matrix [33]. No concentration quenching was observed up to 1
mol% of Tb3+ ions as shown in the inset of Fig. 8.

3.4.3. Photoluminescence studies in Li4Ca(BO3)2:Dy3+

The PL excitation spectrum of the Li4Ca(BO3)2:Dy3+ (1 mol%) phosphor monitored at 577 nm, as shown in Fig. 10, shows several
peaks at 325 nm, 350 nm, 364 nm, 388 nm, 426 nm, 455 nm and 476 nm that can be attributed to the transitions from the ground
state 6H15/2 to the excited states [4K15/2 + 6P3/2], [4M15/2 + 6P7/2], [4I11/2 + 6P5/2], [4I13/2 +4F7/2], 4G11/2, 4I15/2, and 4F9/2
respectively [34–36]. The excitation peaks at 350 nm and 455 nm due to 6H15/2→[4M15/2 + 6P7/2], 6H15/2→

4I15/2 respectively of the
4f→4f transition were seen to be dominant, and therefore, the emission spectra were recorded at 350 nm wavelength. The emission
spectra recorded at 350 nm wavelength in Fig. 11 shows two peaks at 489 nm and 577 nm due to the transition from the 4F9/2 excited
state to the 6H15/2 and 6H13/2 states. The transitions at 489 nm and 577 nm correspond to blue and yellow color, respectively. The
blue transition (4F9/2 → 6H15/2) is a magnetic dipole, allowed transition having moderate intensity, whereas the yellow transition
(4F9/2 → 6H13/2) is hypersensitive, forced electric dipole ΔL = 2 and ΔJ = 2 natured, which is strongly influenced by the host
environment [6]. We could certainly observe that the yellow transition has slightly less intensity than that of the blue. The intensity
of the blue band (4F9/2 → 6H15/2) is less sensitive to the environment. The integrated emission intensity ratios of 4F9/2 → 6H13/2

Fig. 9. PL emission spectra of the Li4Ca(BO3)2:Tb3+ monitored at 378 nm excitation for different Tb3+-concentrations.

Fig. 10. PL excitation spectrum showing all possible transitions in the Li4Ca(BO3)2:Dy3+ (1 mol%) phosphor monitored at 577 nm emission.
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(yellow) to 4F9/2 → 6H15/2 (blue) was calculated for all samples and found to be constant, which demonstrates that the doping of
Dy3+ does not alter the crystal structure and crystal field surrounding of Dy3+ [37]. The yellow/blue emission intensity ratio in case
of the Li4Ca(BO3)2:Dy3+ phosphor is slightly less than unity, indicating that the Dy3+ ions occupied symmetry sites in the Li4Ca
(BO3)2 host lattice [38]. As the radius of Dy3+ and Ca2+ are nearly comparable, the Dy3+ ions will prefer to enter into the Ca2+ sites
[19]. The concentration profile in the inset of Fig. 11 shows that the increase of the Dy3+ ion-concentration from 0.05 mol% led to an
increase in the emission intensity and above 0.8 mol% it nearly saturated.

3.4.4. Photoluminescence studies and energy transfer in Li4Ca(BO3)2:Ce3+,Tb3+ and Li4Ca(BO3)2:Ce3+,Dy3+

It is well known that Ce3+ is an excellent sensitizer for Tb3+ ions. Cheng et al and Chen et al. studied the Ce-Tb energy transfer
process in borate matrixes β-Ba3Y(BO3)3and Sr6YSc(BO3)6, respectively [22,23]. We could predict the resonance type energy transfer
from Ce3+ to Tb3+ (or Dy3+) due to wide spectral overlap between the emission of Ce3+ and excitation of Tb3+ (or Dy3+) in the
Li4Ca(BO3)2 matrix as depicted in Fig. 12. The emission spectrum monitored at 350 nm (Fig. 13) of the Li4Ca(BO3)2:0.01Ce3+,xTb3+

(x = 0.2, 0.4, 0.8, 1.2, 1.6 mol%) phosphor exhibited not only the obvious NUV-blue band from Ce3+, but also a group of sharp
characteristic green emission lines from Tb3+. The excitation spectrum, recorded by monitoring the 545 nm emission of Tb3+,
consisted of both the excitation bands of the Ce3+ ions and that of the Tb3+ ions as shown in Fig. 14. The spectrum is similar to the
singly doped Li4Ca(BO3)2:Tb3+ below 250 nm but have strong absorption in the range 250 to 375 nm due to energy transfer from
Ce3+ to Tb3+ ions, thereby, making the phosphor more suitable for wider applications. Fig. 15(a) shows the effect of Tb3+-con-
centration on the luminescence intensity of Ce3+ and Tb3+ ions. As the Tb3+-concentration increased, the Ce3+ emission intensity
decreased and Tb3+ emission increased up to 0.8 mol%; further increase in Tb3+ concentration resulted in a decrease of both Ce3+

and Tb3+ emission intensities due to concentration quenching effects. A similar effect was seen for the Tb3+ emission at 234 nm
excitation. This suggests that the optimum concentration of Tb3+ ions for maximum luminescence intensity is 0.8 mol%.

Fig. 16 shows the emission spectra of the Li4Ca(BO3)2:1 mol% Ce3+/y mol% Dy3+ (y = 0, 0.05, 0.1, 0.2, 0.3, 0.4 and 0.8)

Fig. 11. PL emission spectra of the Li4Ca(BO3)2:Dy3+ phosphor monitored at 350 nm excitation. The inset shows the variation of emission intensity
as a function of Dy3+ concentration.

Fig. 12. Spectral overlap between the emission spectrum of the Li4Ca(BO3)2:Ce3+ phosphor and the excitation spectra of Li4Ca(BO3)2:Tb3+ and
Li4Ca(BO3)2:Dy3+ phosphors.
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phosphors upon 350 nm excitation. The characteristic emission bands of Ce3+ (378 nm and 409 nm) and Dy3+ (488 nm and 577 nm)
were observed. With the increasing Dy3+ doping concentrations, the Ce3+ emission intensity decreased noticeably, but the Dy3+

emission intensity increased initially and then decreased as the Dy3+ doping concentration reached beyond 0.3 mol% (Fig. 15(b)).
The PL excitation spectra monitored at 577 nm emission of Dy3+ are shown in Fig. 17. The excitation spectra consist of the excitation
bands of both Ce3+ and Dy3+ ions. These include the two broad excitation bands peaking at 283 nm and 343 nm due to 4f → 5d
absorption of Ce3+ ions and one sharp band at 455 nm due to 6H15/2 →

4I15/2 of Dy3+ absorption. The absorption bands of Dy3+ ions
are completely merged in the Ce3+ absorption between 300 nm to 400 nm. With the increasing concentration of Dy3+, the Ce3+

Fig. 13. PL emission spectra of the Li4Ca(BO3)3:0.01Ce3+,xTb3+ phosphor monitored at 350 nm excitation.

Fig. 14. PL excitation spectra of the Li4Ca(BO3)3:0.01Ce3+,xTb3+ monitored at 545 nm emission.

Fig. 15. (a) Variation of Ce3+ and Tb3+ emission intensity with Tb3+-concentration in the Li4Ca(BO3)3:0.01Ce3+,xTb3+ phosphor, (b) Variation of
Ce3+ and Dy3+ emission intensity with Dy3+-concentration in the Li4Ca(BO3)3:0.01Ce3+,xDy3+ phosphor.
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absorption cross-section weakened and led to the decrease in its emission intensity. The cross-relaxation between Dy3+ ions resulted
in the decrease in both Ce3+ and Dy3+ emission intensities. Same as the excitation spectrum of the Li4Ca(BO3)2:Ce3+,Tb3+, the
effective broad excitation spectrum of Li4Ca(BO3)2:Ce3+,Dy3+ extends to 375 nm due to the energy transfer from Ce3+ to Dy3+ ions,
and thereby, making the phosphor more suitable for wider applications. The results suggest the occurrence of energy transfer from
Ce3+ to Dy3+.

The comparison of the excitation spectra of Ce-Tb and Ce-Dy pairs monitored at 545 nm and 577 nm for Tb3+ and Dy3+,
respectively, with the 411 nm Ce3+ emission depict that there is a slight blue shift in the absorption peaks monitored for Tb3+ and
Dy3+. It can be seen in Fig. 18(a) and (b) that the excitation spectrum monitored for 545 nm (or 577 nm) of Tb3+ (or Dy3+) emission
is different for 409 nm of Ce3+ emission. In the excitation spectra, the Ce3+ absorption peak blue shift by about 6 nm (shifts from 353
nm to 347 nm) and 10 nm (shifts from 353 nm to 343 nm) when doped with Tb3+ and Dy3+ ions, respectively. This can be due to the
presence of Tb3+/Dy3+ ions in the vicinity of Ce3+ ions. During the transfer of energy from Ce to Tb (or Ce to Dy), absorption in the
higher 5d states of Ce3+ ions increased and this resulted in the shifting of the excitation peaks to a higher energy region. Equation (4)
was used to calculate the energy transfer efficiency from Ce3+ to Tb3+ and Dy3+ [22].

= −
I
I

η 1T
s

s0 (4)

Where, ηT is the energy transfer efficiency, Is and Is0 are the luminescence intensites of the sensitizer (Ce3+) in the absence and
presence of an activator (Tb3+ or Dy3+), respectively. The calculated energy transfer efficiencies are tabulated in Table. 1. It can be
seen that with the increasing Tb3+ ion-concentration, the energy transfer efficiency increased; for intense green emission of Ce3+(1
mol%)-Tb3+(0.8 mol%) combination, it was found to be 79%. Above 0.8 mol% of Tb3+ ions, the energy transfer efficiency increased.
But this did not result in further increase in thegreen emission due to the concentration quenching of Tb3+ ions (Fig. 15(a)). Si-
milarly, for the intense yellow emission of Ce3+(1 mol%)-Dy3+(0.3 mol%) combination, energy the transfer efficiency was 69%. This
indicated that the Ce3+ is an ideal sensitizer for both Tb3+ and Dy3+ ions.

The energy transfer between rare earth ions occur via exchange interaction or multipolar interaction [39]. To know the exact

Fig. 16. PL emission spectra of the Li4Ca(BO3)3:0.01Ce3+,xDy3+ phosphor monitored at 350 nm excitation.

Fig. 17. PL excitation spectra of the Li4Ca(BO3)3:0.01Ce3+,xDy3+ phosphor monitored at 577 nm emission.
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mechanism responsible for energy transfer, there must be the knowledge of the critical distance (Rc) between the sensitizer and
activator and this can be calculated using the concentration quenching method. Blasse [40] has given the formula for Rc calculation
as follows:

= ×R V
πX N

2 ( 3
4

)c
c

1/3
(5)

Where, V is the volume of the unit cell, Xc is the total concentration of Ce3+ and Tb3+ ions, at which the ET efficiency is about 50%,
and N is the number of available sites for substitution of the dopant in the unit cell. Here, the values of V and N were 260.4298 Å3 and
2, respectively. The value of Xc for Ce-Tb and Ce-Dy combinations were 0.012 and 0.011 mol, respectively. The calculated Rc values
for Ce-Tb and Ce-Dy combinations were 27.47 Å and 28.28 Å, respectively. For the exchange interaction to occur, the critical distance
must be of the order of 5 Å, and thus, the energy transfer in the present cases must not be occuring via exchange interaction.
Therefore, the possible mechanism for energy transfer must be multipolar interaction. To figure out the type of multipolar inter-
action, Dexter’s energy transfer formula of multipolar interaction and Reisfeld’s approximation were used [41,42].

∝ C
η
η
S

s

0 α
3

(6)

Where, ηS0 and ηS represent the luminescence quantum efficiencies of sensitizer (Ce3+) in the absence and presence of activators
(Tb3+/Dy3+), C is the total concentration of Ce3+ and Tb3+/Dy3+ ions, and the value of α = 6, 8 and 10 corresponds to the
dipole–dipole, dipole–quadrupole and quadrupole–quadrupole interactions, respectively [43]. The ratio ( )η

η
S

s

0 can be replaced by the

ratio (I
I
S
s
0 ), where, IS0 and IS represent the luminescence emission intensity of sensitizer (Ce3+) in the absence and presence of

activators (Tb3+/Dy3+). Thus, the equation (6) can be written as

Fig. 18. Comparison of the PL excitation spectra of: (a) Li4Ca(BO3)2:0.01Ce3+, 0.008Tb3+ phosphor monitored at 545 and 409 nm of Tb3+ and
Ce3+ emission and (b) Li4Ca(BO3)2:0.01Ce3+, 0.003Dy3+ phosphor monitored at 577 and 409 nm of Dy3+ and Ce3+ emission, respectively.

Table 1
Energy transfer efficiency and color chromaticity coordinates.

Phosphor Energy Transfer Efficiency, ηT (%) Color Co-ordinates Color

x y

Li4Ca(BO3)2:0.01Ce3+ – 0.1715 0.0354 Violet
Li4Ca(BO3)2:0.01Tb3+ – 0.2781 0.5416 Green
Li4Ca(BO3)2:0.01Dy3+ – 0.3520 0.3820 White
Li4Ca(BO3)2:0.01Ce3+,0.002Tb3+ 67 0.2324 0.3646 Bluish green
Li4Ca(BO3)2:0.01Ce3+,0.004Tb3+ 80 0.2276 0.3600 Bluish green
Li4Ca(BO3)2:0.01Ce3+,0.008Tb3+ 79 0.2223 0.3161 Bluish green
Li4Ca(BO3)2:0.01Ce3+,0.012Tb3+ 86 0.2015 0.2150 Blue
Li4Ca(BO3)2:0.01Ce3+,0.016Tb3+ 93 0.2050 0.1605 Blue
Li4Ca(BO3)2:0.01Ce3+,0.0005Dy3+ 48 0.1708 0.0518 Violet
Li4Ca(BO3)2:0.01Ce3+,0.001Dy3+ 52 0.1704 0.0516 Violet
Li4Ca(BO3)2:0.01Ce3+,0.002Dy3+ 63 0.1698 0.0525 Violet
Li4Ca(BO3)2:0.01Ce3+,0.003Dy3+ 69 0.2058 0.1082 Indigo
Li4Ca(BO3)2:0.01Ce3+,0.004Dy3+ 80 0.2036 0.1065 Indigo
Li4Ca(BO3)2:0.01Ce3+,0.008Dy3+ 85 0.1948 0.0937 Indigo
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∝
I
I

CS

s

0 α
3

(7)

The dependence between I
I
S
S
0 and C

α
3 based on the above equation and the corresponding linear fitting results are illustrated in

Fig. 19. For the Ce→Tb energy transfer, the best fit was observed for =α 10 (Fig. 19(A)) and for Ce→Dy energy transfer the best fit
was observed for =α 6 (Fig. 19(B)). Thus, we may conclude that the Ce→Tb energy transfer occured via electric quad-
rupole–quadrupole interaction and Ce-Dy energy transfer occured via electric dipole–dipole interaction.

Fig. 20 illustrates the energy levels of the Ce3+, Tb3+, and Dy3+. For Ce→Tb energy transfer, the photoluminescence process
could be demonstrated as follow: Ce3+ is directly excited at 350 nm, then relaxed to the lowest 5d state. Some of the Ce3+ ions
relaxed to the 4f state with photon emission, while some others transferred their energy to the excited level (namely 5G5, and 5D3) of
the nearest Tb3+ ions. After relaxing to state 5D4, Tb3+ ions transited to 7FJ (J = 6, 5, 4, 3) with the emission of their corresponding
photons. Similarly, for Ce→Dy energy transfer, after excitation by 350 nm, the electrons will be excited from the ground state of 4f to
the 5d level of Ce3+. In the excited state, some of these electrons relaxed to the lowest 5d crystal field splitting state and then returned
to the ground state to produce emissions at 378 and 409 nm, while some others transfered the excitation energy to the neighboring
Dy3+. The [4I13/2+4F7/2] level was populated by this energy transfer and then, the electrons non-radiatively relaxed to the 4F9/2 level
and the Dy3+ emissions were produced via radiative transitions of 4F9/2 → 6H15/2 and 4F9/2 → 6H13/2.

3.5. Photometry

The color chromaticity coordinates were determined using the color calculator software from radiant imaging on a CIE-1931 color
chart. The CIE color coordinates (marked by ×) of the phosphors Li4Ca(BO3)2:Ce3+, Li4Ca(BO3)2:Tb3+, Li4Ca(BO3)2:Dy3+, Li4Ca
(BO3)2:Ce3+,xTb3+ and Li4Ca(BO3)2:Ce3+,yDy3+, are presented in Fig. 21 and listed in Table 1. The color coordinates of Li4Ca
(BO3)2:Ce3+, Li4Ca(BO3)2:Tb3+, Li4Ca(BO3)2:Dy3+, Li4Ca(BO3)2:Ce3+,xTb3+ and Li4Ca(BO3)2:Ce3+,yDy3+ are lying in the violet,
green, white, green to bluish green and violet to indigo regions, respectively.

4. Conclusion

Different series of Li4Ca(BO3)2 singly doped with Ce3+, Tb3+ and Dy3+ as well as codoped with Ce3+-Tb3+ and Ce3+-Dy3+ pairs
were successfully synthesized by the solid-state method. XRD results confirmed the pure phase formation of Li4Ca(BO3)2. The FTIR
analysis confirmed the vibration modes of the BO3

3− group. The band gap using DRS was measured to be 4.98 eV. Under 350 nm
excitation, Li4Ca(BO3)2:Ce3+ emitted broadband with two peaks centered at 378 and 409 nm due to 5d-4f (2F5/2,7/2) transition of the

Fig. 19. The dependence between IS
IS
0 and C

α
3 for α = 6, 8, 10 with linear fitting.
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Ce3+ ions. The Li4Ca(BO3)2:Tb3+ phosphor excited by 378 nm emitted a dominant green peak at 545 nm. The Li4Ca(BO3)2:Dy3+

shows two characteristic peaks at 489 nm and 577 nm due to the transition from the 4F9/2 excited state to the 6H15/2 and 6H13/2 states
of the Dy3+ ions. When codoped with Ce3+, the excitation spectrum of Tb3+ activated Li4Ca(BO3)2 extended to 375 nm. The PL
spectra demonstrated that Ce3+ ion absorbed UV photons via the allowed 4f-5d absorption and greatly enhanced the green emission
of Tb3+ ions under the 350 nm excitation. Excitation spectra monitored under 545 nm emission of the Li4Ca(BO3)2:Ce3+,Tb3+

phosphor showed absorption bands of both Ce3+ ions and Tb3+ ions. Due to the occurrence of the energy transfer process, the
emission hue of the phosphor eventually varied from blue (0.1715, 0.0354) to bluish green (0.2324, 0.3646) by varying the Tb3+ ion-
concentration. The energy transfer from Ce3+ to Tb3+ ions was certified by the variation tendency of Li4Ca(BO3)2:0.01Ce3+,xTb3+

with different Tb3+ concentration and the major energy transfer mechanism was proved. Similarly, when codoped with Ce3+ ions,

Fig. 20. Energy level diagram illustrating the Ce→Tb, Ce→Dy energy transfer process.

Fig. 21. CIE color chromaticity diagrams.
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Li4Ca(BO3)2:Dy3+ greatly enhanced the Dy3+ emission. The excitation spectra monitored at 577 nm emission showed absorption due
to both Ce3+ and Dy3+ ions, which proved that the energy was transferred from Ce3+ → Dy3+. As the Ce3+ emission in Ce-Dy
codoped system remained dominant, the emission hue did not change significantly and emission remained in the violet region. The
as-synthesized Li4Ca(BO3)2:Ce3+,Tb3+ has potential applications as a green emitting phosphor in NUV converted WLEDs and dis-
plays.
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