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Abstract 

A series of novel red emitting CaMoO4:Sm3+ (1.0 mol %) phosphors substituted with different 

anionic groups (BO3
-3, PO4

-3 and SO4
-2) were prepared using a high temperature solid state 

reaction method. The effects of anionic substitution on the crystalline structure and 

photoluminescence (PL) properties of the CaMoO4:Sm3+, CaMoO4-BO3:Sm3+, CaMoO4-

PO4:Sm3+and CaMoO4-SO4:Sm3+ phosphors were investigated. The structure, particle 

morphology, chemical composition, vibration modes, and PL properties of the phosphors were 

investigated by X-ray diffraction (XRD), Field emission scanning electron microscopy (FE-

SEM), energy dispersive spectroscopy (EDS), Fourier transform infrared spectrometry (FT-IR) 

and PL spectroscopy, respectively. The XRD patterns indicated that the crystalline structures of 

all the samples were consistent with the standard scheelite structure of CaMoO4. The structural 

parameters of the pure phase of CaMoO4:Sm3+ phosphor were obtained from the Rietveld 

analysis. Red PL attributed to the 4G5/2→6H9/2 transition of Sm3+ was observed at 646 nm when 

the CaMoO4:Sm3+ samples were excited by 404 nm using a monchromatized Xenon lamp. 

Furthermore, orange-red color tunable emission has been achieved by substitution of different 

anionic groups (BO3
-3, PO4

-3 and SO4
-2) into the CaMoO4:Sm3+ phosphors. Among all the 

studied phosphors, the CaMoO4-SO4:Sm3+ phosphor showed the strongest PL emission 

compared to all other phosphors suggesting that it is a promising potential candidate for red 

emission in the near UV excited white LED applications. 
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1. Introduction: 

Today, light-emitting diodes (LEDs) are widely used in solid state lighting thereby 

generating research interest in the development of advanced materials that can serve as source of 

light in LED applications. Since the realization of GaN or near-ultraviolet (NUV) based light-

emitting diode (LED), solid-state lighting emission based on phosphor converted (pc) white 

LEDs have generated interest because of their great advantages over the conventional 

incandescent and fluorescent lamps [1–6]. The general approach of producing white light is by 

combining a blue LED chip with a yellow color emitting phosphor (YAG:Ce3+). However, this 

combination has a low color rendering index factor (CRI) because of the poor red component in 

the YAG:Ce3+ phosphor. The combination of a NUV LED with red, green and blue color 

emitting phosphors is another alternative that may provide a high CRI factor [7]. Therefore, the 

development of new red-emitting phosphors that can be excited by a near ultraviolet (NUV) 

(350–420 nm) LED is necessary. Rare earth ions (RE3+) doped molybdate phosphors have been 

evaluated extensively and they have made significant advances in white LEDs [8–11]. Among 

the rare-earth ions, the Sm3+(4f5) ion is one of the most promising sources of red light. The red 

emission associated with the 4G5/2→6H9/2 transition of Sm3+ exhibits a relatively high quantum 

efficiency. In addition, the Sm3+ ions exhibit different quenching emission channels defined from 

the features of the excited state relaxation dynamics of the luminescence in the host materials 

[12,13]. Compared to other available rare earth dopants, Sm3+ ions are very popular because of 

its reddish orange emission in the visible region. Sm3+ ions belongs to the 4f5 configuration and 

in any crystal field perturbation it is doubly generated. The excitation spectra of Sm3+ ions doped 

materials covers the UV, blue and bluish-green spectral range Therefore it is possible to get the 

reddish orange emission by excitation in this region. The emission profile of Sm3+ ions is narrow 

and it shows longer life times, similar to Eu3+ ions. Sm3+ ions doped materials are, however, a 

better alternative. The reddish-orange fluorescence from the Sm3+ ions is aligned to the emission 

peak of the NUV-emitting InGaN chips. Today, the development of Sm3+ doped phosphors for 

NUV LEDs such as NaGd(WO4)2:Sm3+[14], Ba2CaWO6:Sm3+[15], Ba3La(PO4)3:Sm3+ [16] and 

La2WMo2O9:Sm3+[17] has been reported. Molybdates are being considered as attractive host 

materials due to their chemical and thermal stability and excellent luminescent properties, among 

other things. Recently, Sm3+-doped molybdates, such as CaLa(MoO4)2:Sm3+ [18], CdMoO4:Sm3+ 

[19] and LaMoBO6:Sm3+ [20] have been investigated extensively as potential red-emitting 
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phosphors for NUV GaN chip-based W-LEDs. In addition, alkaline-earth metal molybdates have 

important applications in various fields that involve optical fibers, scintillator materials, 

catalysis, lithium ion batteries, sensors, detectors, light emitting devices and microwave systems 

devices [21–25]. For luminescent application, CaMoO4 is an excellent material due to ease of 

energy transfer (ET) from the MoO4 absorption band to the excited states of the luminescent 

centres (lanthanide-ions) [26,27]. 

Calcium molybdate CaMoO4 is a typical scheelite compound and has a tetragonal 

symmetry with space group I41/a [28–30]. In general, it is an excellent host lattice as it can be 

excited via the O/Mo ligand-to-metal charge transfer (LMCT). CaMoO4  has been doped with 

different rare-earths ions such as Tb3+, Sm3+ and Eu3+ resulting in phosphors that emit green, 

orange and red light respectively [31,32]. Up to now, there are only a few reports on the Sm3+ 

doped CaMoO4 phosphor [33–35] and their luminescence properties are not good-enough for 

LEDs application. Therefore, some efforts are necessary to improve the luminescence intensity 

of Sm3+ doped molybdate based phosphors. Xi and co-workers synthesized Na5Eu(MoO4)4-

x(PO4)x (x≤0.10) phosphors by solid-state reaction and observed the PL emission intensity from 

Na5Eu(MoO4)3.96(PO4)0.04  that was 5.0 times higher than that of commercial Y2O2S:Eu3+ 

phosphor [36]. In a study conducted by Zhang et al, an improvement in the red PL emission 

intensity of NaEu(MoO4)2 and anionic (SO4
2- and SiO3

2-)-doped NaEu(MoO4)2 was observed 

[37]. Furthermore, the crystal sites of MoO4
2- ions in improved red photoluminescence was 

observed from NaLa(MoO4)2:Eu3+ due to incorporation of SO4
2- or BO3

3- anions [38]. We 

therefore, substituted different anionic groups into the MoO4
2− sites to improve the emission 

intensity of the CaMoO4:Sm3+. 

In this study, CaMoO4:Sm3+, CaMoO4-BO3:Sm3+, CaMoO4-PO4:Sm3+ and CaMoO4-

SO4:Sm3+phosphors were prepared by the conventional solid state reaction method. The effects 

of (BO3
-3, PO4

-3 and SO4
-2) substitution on the PL properties of CaMoO4:Sm3+ phosphors and the 

possible mechanism for the PL intensity enhancement are discussed in detail. 

2. Experimental  

2.1 Sample preparation 
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CaMoO4:Sm3+, CaMoO4-BO3:Sm3+, CaMoO4-PO4:Sm3+ and CaMoO4-SO4:Sm3+ 

phosphors were synthesized using the solid state reaction method. Highly pure CaCO3 (99.9%), 

MoO3(99.9%), H3BO3, NH4H2PO4(99.9%), (NH4)2SO4 and Sm2O3 (99.99%) supplied by Sigma 

–Aldrich in Germany were used as starting materials. The doping concentration of the 

Sm3+amount in the CaMoO4 was 1.0 mol%, the same concentration that Zang et al. [33] found as 

the optimal concentration to obtain the maximum PL intensity. Stoichiometric amounts of all 

these starting materials were used. The anionic substitution amounts added were, 0.1 mol (0.21 

g) H3BO3, 0.1 mol (0.37 g) NH4H2PO4, 0.1 mol (0.43 g) (NH4)2SO4, and 0.01 mol (0.057 g) 

Sm2O3. All these were mixed thoroughly with few drops of acetone in an agate mortar and dried 

in an oven for 2 h at120oC. The dried powders were calcined at 1050oC for 5 h and then cooled 

at room temperature.  Finally, the products were ground gently and were ready for 

characterization. 

2.2 Sample characterization 

The XRD patterns were recorded with a Bruker AXS D8 Advance X-ray diffractometer using a 

nickel-filtered CuKα radiation (λ = 0.154056 nm). The particle morphology study was carried out 

using a JEOL JSM-7800F field emission scanning electron microscope (FE-SEM) coupled with 

an Oxford X-Max80 energy-dispersive X-ray spectroscopy (EDS) system for chemical 

composition analysis. Fourier transform infrared (FT-IR) spectra were recorded with a Nicolet 

6700 spectrometer in the spectral range of 4000 to500 cm-1. The UV–vis diffuse reflection 

spectra were recorded using a Perkin Elmer Lambda 950 UV–vis at room temperature in the 

range of 300–1800 nm. The PL excitation and emission spectra, and the decay curves were 

measured with the excitation and emission optical slits set at 0.9 nm using a Edinburgh 

Instruments FLS980 Fluorescence Spectrometer equipped with a xenon lamp as excitation 

source. For the lifetime measurements the gate time was fixed at 0.05 ms and the delay time was 

varied starting from 0.1 ms. All the PL and lifetime measurements were performed in air at room 

temperature. 

3.  Results and discussion 

3.1 Structural characterization and XRD analysis 



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT

In order to obtain detailed crystallographic structural information of the synthesized 

different CaMoO4:Sm3+ phosphors substituted with anionic groups (BO3
-3, PO4

-3 and SO4
-2), the 

Rietveld structure refinements of the CaMoO4:Sm3+phosphors were performed using the Fullprof 

software program [39] and the results are presented in Fig. 1. The observed and calculated 

intensities, the Bragg reflection positions as well as the difference in intensities between 

observed and calculated data are shown. While employing the refinement procedure, the Pseudo-

Voigt function was used to define the profile shape and a 6 coefficient polynomial function was 

used as background. A good agreement was observed between the experimental and calculated 

XRD patterns obtained for the four CaMoO4 powders as shown in Fig. 1. 

The refined structural parameters are presented in Table 1. The CaMoO4 host phosphors 

crystallized in a tetragonal structure with space group I 41/a (88) and lattice constants of a = b = 

5.22 Å,c = 11.42 Å and cell volume, V = 311.44 Å3. The unit cell polyhedral crystal structure 

diagram of the CaMoO4 host material is presented in Fig. 2. It consists of Ca2+and MoO4
2- ionic 

sites which can be easily occupied by Sm3+ and different anionic groups (BO3
-3, PO4

-3 and SO4
-

2). The incorporation of Sm3+ ion with anionic groups into the host CaMoO4 phosphors slightly 

increased the lattice parameter as follows: a= b = 5.23 Å,c = 11.44 Å and V = 312.25 Å3. This 

change in volume signifies the incorporation of the borate group (BO3
3-) and Sm3+ ion into the 

tetragonal CaMoO4 host material. Upon substitution of Sm3+ and BO3
3- group on Ca2+ and 

MoO4
2-sites, some changes in luminescence characteristics of the incorporated activators are 

expected. The unit cell of the periodic structure of the CaMoO4 crystal structure includes the 

CaO8  polyhedra and MoO4 tetrahedral as building blocks. The four existing edges of the CaO8 

polyhedral are shared with another four CaO8 polyhedral. Each oxygen atom of the CaO8  

polyhedra is connected to the Mo atom of the MoO4  tetrahedra. Thus the oxygen atom is 

coordinated with two Ca atoms and one Mo atom within one unit cell.  A cubic close packing of 

CaO8 polyhedra and MoO4 tetrahedral units disposed in an ordered manner can explain the 

scheelite structure molybdates, where the point symmetry can significantly be reduced to S4 [40-

44]. Furthermore, all calcium atoms have eight-fold oxygen coordination, thereby forming 

distorted deltahedral type [CaO8] clusters with twelve faces [45]. 

During the refinement process, the occupancy parameters of the atoms (Ca, Mo and O) 

comprising the host were evaluated with reference to their insignificant stoichiometric 
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composition range. Table 2 presents the Rietveld refined structural parameters of different 

CaMoO4:Sm3+powder substituted with different anionic group systems. 

 

 

Fig. 1: Reitveld analysis of differentCaMoO4 phosphors substituted with anionic group systems 

(BO3
-3, PO4

-3 and SO4
-2). 

Table1. Crystallographic data for CaMoO4 samples 

 

Fig. 2: Unit cell sheelite tetragonal structure of the CaMoO4 crystal-partial substitution of 

different anionic groupic systems (BO3
-3, PO4

-3 and SO4
-2). 

 

 

 

 

 

 

Crystal 
parameters 

Host CaMoO4:Sm3+sample 

formulae 

Formulae weight 

Crystal system 

Unit Cell 
parameters 

Volume 

Density g/cm3 

CaMoO4 

800.07 

Tetragonal 

a=b=5.220284, 
c=11.42849 
 
311.442 

4.266 

CaMoO4:Sm 

804.4832 

Tetragonal 

a=b=5.22531, 
c=11.43613 
 
312.250 

4.322 

CaMoO4-BO3 

774.18 

Tetragonal 

a=b=5.23077, 
c=11.44397 
 
313.117 

4.1270 

CaMoO4-PO4 

846.3091 

Tetragonal  

a=b=5.22675, 
c=11.44088 
 
311.553 

4.1780 

CaMoO4-SO4 

774.18 

Tetragonal  

a=b=5.22725, 
c=11.43375 
 
312.417 

4.182 
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Table 2. Refined structural parameters of four different anionic group systems substituted. 

 

Fig. 3 shows the XRD patterns of CaMoO4:Sm3+, CaMoO4-BO3:Sm3+, CaMoO4-

PO4:Sm3+ and CaMoO4-SO4:Sm3+ phosphors. The patterns exhibit all diffraction angles (2θ) of 

CaMoO4 observed at 18.8o,28.9o, 31.4o, 34.4o, 39.5o,45.7o, 47.2o, 49.4o, 54.2o, 56.3o, 58.1o, 59.6o, 

Sample Atom x y z Occupancy B Site 

 

CaMoO4 

Ca 

Mo 

O 

0.00000 

0.00000 

0.14970 

0.25000 

0.25000 

0.00330 

0.62500 

0.12500 

0.20980 

1.000 

1.000 

1.000 

0.37 

0.41 

0.20 

4b 

4a 

16f 

 

CaMoO4-Sm 

Ca 

Mo 

Sm 

O 

0.00000 

0.00000 

0.00000 

0.14970 

0.25000 

0.25000 

0.25000 

0.00330 

0.62500 

0.12500 

0.62500 

0.20980 

0.990 

1.000 

0.010 

1.000 

0.13 

0.00 

0.13 

0.00 

4b 

4a 

4b 

16f 

 

CaMoO4-BO3:Sm 

Ca 

Mo 

Sm 

B 

O 

0.00000 

0.00000 

0.00000 

0.00000 

0.15630 

0.25000 

0.25000 

0.25000 

0.25000 

-0.00790 

0.62500 

0.12500 

0.62500 

0.12500 

0.21410 

0.980 

0.890 

0.020 

0.110 

1.000 

0.28 

0.00 

0.04 

0.00 

0.00 

4b 

4a 

4b 

4a 

16f 

 

CaMoO4-PO4:Sm 

Ca 

Mo 

Sm 

P 

O 

0.00000 

0.00000 

0.00000 

0.00000 

0.15420 

0.25000 

0.25000 

0.25000 

0.25000 

-0.00930 

0.62500 

0.12500 

0.62500 

0.25000 

0.21290 

0.940 

0.974 

0.060 

0.113 

1.000 

0.50 

0.50 

0.50 

0.50 

0.00 

4b 

4a 

4b 

8e 

16f 

 

CaMoO4-SO4:Sm 

Ca 

Mo 

Sm 

S 

O 

0.00000 

0.00000 

0.00000 

0.00000 

0.14480 

0.25000 

0.25000 

0.25000 

0.25000 

-0.00660 

0.62500 

0.12500 

0.62500 

0.12500 

0.21160 

0.990 

0.890 

0.010 

0.100 

1.000 

0.50 

0.50 

0.50 

0.50 

0.50 

4b 

4a 

4b 

4a 

16f 
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64.9o, 69.3o, 72.3o and 76.2o. These peaks correspond to the (101), (112), (004), (200), 

(211&114), (213), (204), (220), (116), (215), (312), (224), (321), (323), (400) and (316) planes, 

which can be indexed to the pure scheelite-type tetragonal structure with a space group of I41/a, 

referenced in international tables of crystallography (No. 88), and point-group symmetry ���� [46-

50] of CaMoO4. As shown in Fig. 3, the XRD patterns are indexed to the standard CaMoO4 

(JCPDS 29-0351) phase, which reveal that the phosphors exhibited identical structures. The 

uniform diffraction pattern means that phase formation of CaMoO4 was not influenced by small 

amounts of Sm3+ dopant ion and BO3
-3, PO4

-3 and SO4
-2 anions. The substitution of Sm3+ into 

Ca2+ sites is highly probable due to similarities between the ionic radii of the Sm3+ (0.0964 nm, 

eight-coordinated) and Ca2+ (r=0.112 nm), which resulted in the formation of an eight 

coordination with nearby oxygen atoms. Consequently, the crystal structure did not change 

significantly.  

It is interesting to note that the diffraction peaks of the CaMoO4-BO3:Sm3+, CaMoO4-

PO4:Sm3+ and CaMoO4-SO4:Sm3+ were less intense relative to those of CaMoO4:Sm3+. Some 

small changes can be observed in the enlarged version of the XRD spectra in Fig. 4. It shows that 

with the substitution of BO3
-3, PO4

-3 and SO4
-2anions, the diffraction peaks shifted to higher 2θ 

values. These shifts were assigned to strains due the fact that the ionic radius of B3+ (41 pm), 

P5+(52 pm) and S6+ (43 pm) is smaller than that of Mo6+ (73 pm) [51, 52]. 

 

Fig. 3:  XRD patterns of CaMoO4: Sm3+, CaMoO4-BO3:Sm3+, CaMoO4-PO4:Sm3+ and 

CaMoO4-SO4:Sm3+ phosphors. 

 

Fig. 4: Enlarged version of 101 and 112 diffraction peaks in the XRD patterns of 

CaMoO4: Sm3+, CaMoO4-BO3:Sm3+, CaMoO4-PO4:Sm3+ and CaMoO4-SO4:Sm3+ phosphors. 

 

It also can be seen that the phases of the anionic groups were not detected in the CaMoO4:Sm3+, 

which may be due to the fact that borates, phosphates and sulphates are amorphous [53, 54]. 

These results demonstrate that highly crystallized Sm3+ - doped CaMoO4 phosphors with SO4
2-, 

PO4
3- and BO3

3- substitution could be obtained using a simple solid state reaction.  
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The line broadening of the high intensity diffraction peaks was used to calculate the 

average crystallite size (d) of the phosphors using Scherrer’s formula [55]. The average 

crystallite sizes of different CaMoO4:Sm3+, CaMoO4-BO3:Sm3+, CaMoO4-PO4:Sm3+ and 

CaMoO4-SO4:Sm3+ phosphors were calculated by Scherrer’s formula and were found to be ~52, 

70, 41 and 44 nm, respectively. For further confirmation of the crystallite sizes, the Williamson–

Hall (W–H) equation was also used. The shape induced strain and crystallite size were estimated 

from the XRD patterns by using W-H method. Calculations were made using the full width at 

half maximum (FWHM) of the diffraction peaks and the W-H equation [56,57]. The plots of 

βFWHMcosθ/λ as a function of sinθ/λ of the four different samples are shown in Fig. 5. The 

crystallite sizes and the strains were estimated from the best fitted line. From the figure, the 

crystallite sizes were estimated from the y-intercept and the strains were estimated from the 

slope. A comparison of the crystallite size and strain values is presented in Table 3. 

Sample Average crystal size (nm) Strain  

(10-3) Scherrer W-H plots 

CaMoO4:Sm3+ 

CaMoO4-BO3:Sm3+ 

CaMoO4-PO4:Sm3+ 

CaMoO4-SO4:Sm3+ 

52  

70  

41  

44  

77  

72  

50  

58  

1.6  

1.0  

0.74  

0.84  

Table3: Estimated crystallite size and strain values of different CaMoO4:Sm3+ phosphor using 

Scherrer’s equation and W-H plot. 

The calculated crystallite size values fall in the nanometer range. The strain and size values do 

not follow a similar trend for all the different anionic group substitution. In general, the strain is 

reduced in the case of the bigger particles. The difference in crystallite sizes resulted in non-

uniform strain values, as listed in Table 3. The effective shape induced strain decreased for the 

co-doped CaMoO4:Sm3+ phosphors and were found to be higher in the CaMoO4-BO3:Sm3+ 

phosphors because of the nearest ionic radii of B3+ (96 pm) to that of Sm3+ when compared to the 

other anions. The crystallite sizes estimated from the W–H plots were to some extent higher than 
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those determined using Scherrer’s method. The inconsistency in the values was due to the fact 

that in Scherrer’s method, the strain component was assumed to be zero and the broadening of 

XRD of the diffraction peak due to the instrument was neglected.58 Usually, prepared samples by 

solid-state reaction based samples produces various sizes of particles, leading to non-uniform 

strain within the crystal. 

 

Fig 5: W-H plots of the four differentCaMoO4:Sm3+phosphors. 

 

3.3. Surface characterization by X-ray photoelectron spectroscopy (XPS) 

The chemical composition and the valance states of the samples were examined by XPS. 

The typical XPS full survey spectra in Fig. 6 (a)-(d) show the chemical composition of the 

CaMoO4:Sm3+ (1 mol %) phosphors substituted with different anionic groups (BO3
-3, PO4

-3 and 

SO4
-2), and they confirm that all the chemical elements were present as identified by the Ca 2p, 

Mo 3d, O 1s, C 1s, B 1s, P 2p, S 2p and Sm 3d peaks present in our materials.  

 

Fig. 6: XPS survey scan spectra of different CaMoO4:Sm3+ phosphors substituted with different 

anionic groups. 

 

Fig. 7(a)-(d) show the core level XPS spectra of Ca 2p, Mo 3d, O 1s, C 1s in CaMoO4-

SO4:Sm3+ phosphors. Fig. 7(a) shows the XPS peak of CaMoO4-SO4:Sm3+ phosphors 

corresponding to Ca (2p) with a core binding energy (BE) of 345.3 eV for 2p3/2 and 348.9 eV for 

2p1/2 [59]. These results confirm the presence of the +2 oxidation state of Ca in the CaMoO4-

SO4:Sm3+ phosphors.  The Mo 3d spectrum of CaMoO4-SO4:Sm3+ phosphors are shown in Fig. 7 

(b). The XPS peaks corresponding to the Mo (3d) in the phosphor with a core BE of 230.7 eV for 

the 3d5/2 and 233.8 eV for the 3d3/2 with the FWHM of 1.51 and 1.68 eV respectively. These 

were identified as Mo6+[60]. The C 1s curve in Fig. 7 (c) shows a strong peak at 282.5 eV, 

shown which is assigned to the aliphatic C–C chain. This is consistent with the residual carbon 

and the carbon concomitant in the vacuum chamber. Fig. 7(d) shows the O1s core-level 

spectrum, and three Gaussians were resolved by a curve-fitting procedure. The peak at the lower 

energy of 528.8 eV is in agreement with that for O2- in CaMoO4. The higher energy XPS peak of 

O 1s for the CaMoO4-SO4:Sm3+ phosphors is located at 530.0 eV, which is attributed to oxygen 
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bonding of the SO4
2- network [61]. Based on the above considerations, it is found that valances 

of Mo(VI) and O(II) elements is +2, further confirming the valence of Ca and S element in 

CaMoO4-SO4:Sm3+ is +2 and +6. Additionally, the high energy side of the O(1s) peak is due to 

hydroxyl groups –OH or other radicals on the sample surface, such as CO or CO2 [62]. However, 

the asymmetric behavior of the high energy peak (∼530.0 eV) in an O 1s spectrum indicates the 

presence of oxygen ion vacancies in the lattice [63]. 

 

Fig. 7. The high resolution XPS scan spectra of (a) Ca 1s (b) Mo 3d (c) C 1s and (d)O 1s 

for the CaMoO4-SO4:Sm3+ phosphors. Gaussian fit of O 1s is shown in (d). 

 

Fig. 8(a) shows the high-resolution XPS spectra of B 1s of CaMoO4-BO3:Sm3+ phosphor. 

The spectra are deconvoluted into two Gaussian peaks located at 190.3 and 191.0 eV, indicating 

the formation of an additional B containing compound. The higher binding energy component 

191.0 eV is attributed to the formation of B2O3, which does not normally contribute to the 

activity of the sample [64-66]. The lower binding energy component at 190.0 eV is due to boron 

entering the oxygen vacancy substitutionally, which has been reported to be responsible for the 

origin of visible light [67, 68]. The P 2p XPS peak is located at 131.6 eV in the spectrum shown 

in Fig. 8 (b), suggesting that phosphorus was stable in the form of pentavalent oxidation state 

(P5+) [69]. Since the bonding energy of P–O (502 kJ/mol) is stronger than that of Ca–O (486.8 

kJ/ mol), PO4
3- group is difficult to break compared to Ca–O in the CaMoO4-PO4:Sm3+ 

phosphor. Therefore, the existence of PO4
3- group on the surface of CaMoO4 sample cannot be 

excluded. Fig. 8(c) shows the XPS spectrum of S 2p. The two weak peaks appearing at the 

binding energies of 161.3 and 164.5 eV are ascribed to the S 2p3/2 and S 2p1/2 of the S2- chemical 

state, respectively. Based on the literature, [70] the peak at the binding energy of 164.5 eV is 

assigned to the sulfur in the S6+ chemical state on the substituted compound, as in NH4SO4 [70]. 

The binding energies of SO3 and SO4 were located at 169.9 eV and 171.4 eV respectively, 

providing evidence for the existence of S (VI) oxides in the S 2p photoelectron spectra as shown 

in Fig. 8(c).  

 

Fig. 8: The high resolution XPS spectra of (a) B 1S (b) P2s and (c) S 2p. 
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Fig. 9 shows the Sm 3d core level spectra for the Sm doped samples. The two chemical 

states of Sm3+ in the present samples, namely 3d5/2 and 3d3/2 are located at 1081.1 eV and 1108.0 

eV respectively. These peaks were identical in all four CaMoO4:Sm3+ phosphors. Hence, in all 

four CaMoO4:Sm3+ phosphor powders, the Sm exists in a 3+ valance state. According to 

previous report, Sm3+ exist in the powder composites as network modifier instead of network 

former because of its large ionic radius and high coordination number [71, 72]. Sm3+ has the 

largest radius among all the cations except Ca2+ in this system, so the Sm3+ is too large to replace 

other cations. When Sm3+ enters the lattice, it can only replace Ca2+ sites because of their similar 

ionic radii [73]. 

 

Fig. 9: High resolution XPS Sm 3d spectrum. 

 

3.2 Particle morphology of CaMoO4:Sm3+ 

Fig. 10 (a), (b), (c) and (d) show the SEM images of all the samples. The images 

indicate that the particles were agglomerated together with well-defined grain boundaries. With 

addition of anionic groups (BO3
-3, PO4

-3 and SO4
-2), the particle sizes became bigger for PO4

3- 

and BO3
3- and they became smaller in the case of SO4

2-. The reason for the discrepancy in the 

particle size induced by anionic substitution is not known yet. The related EDS spectra presented 

in Fig. 10 (a), (b), (c) and (d) confirm the presence of all the elements present in our materials 

with actual mole ratios approaching the stoichiometric values as shown in the inset. 

 

Fig. 10 (a), (b), (c) and (d): The SEM images and EDS spectra of different 

CaMoO4:Sm3+ phosphors substituted with anionic groups. 

 

3.3. FT-IR study 

Fig. 11 shows the FT-IR spectra of different CaMoO4:Sm3+ phosphors substituted with 

anionic groups (BO3
3-, PO4

3- and SO4
2-). The spectra of all CaMoO4:Sm3+samples are similar, 

except for strong absorption peaks appearing around at 1120 cm-1 are assigned to BO3
3-, PO4

3- 

and SO4
2- vibrations and they are present in the CaMoO4-BO3:Sm3+, CaMoO4-PO4:Sm3+ and 
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CaMoO4-SO4:Sm3+ phosphors, respectively. In addition, the spectra further confirm that anion 

groups (SO4
2-, PO4

3- and BO3
3-) were present in CaMoO4-BO3:Sm3+, CaMoO4-PO4:Sm3+ and 

CaMoO4-SO4:Sm3+ phosphors and this is in agreement with the XRD results. Different 

prominent bands were detected around 424, 811, 1063 and 1217 cm-1. A strong absorption band 

at 811 cm-1 is related to the O–Mo–O stretching frequency mode and that at 424 cm-1 is 

attributed to the stretching vibration of Mo–O [74,75]. For Sm3+ doped samples, similar peaks 

were observed. No significant change in the peak position was observed from the un-doped and 

anionic groups doped samples. This is because the lanthanide ions were most likely doped in the 

lattice site of the CaMoO4 host and hence their FT-IR spectra show similar peaks to that of the 

host. 

 

Fig. 11: The FT-IR spectra of different CaMoO4:Sm3+ phosphors substituted with anionic 

groups. 

 

3.4 Ultraviolet–visible absorption spectroscopy: 

The diffuse reflectance spectra (DRS) measured in the spectral region of 300-1800 nm 

are shown in Fig. 12. The peak at 306 nm from all the spectra is attributed to charge transfer 

from oxygen (2p) ligand to the central molybdenum (Mo) atom in MoO4
-2ion [76-78]. This is 

similar to previous observations reported in refs. [79-81]. The absorption peak around at 1245 

nm is ascribed to the (6H5/2→
6F7/2) transition of Sm3+ [82]. In all the DRS spectra, several optical 

bands were observed in the region above 400 nm and each band originates from the 

characteristic transitions of the Sm3+ ion, which are attributed to the  transitions between  the 
6H5/2 ground state and different excited states such as 6P3/2, 

4I9/2+
4M15/2+

4I13/2, 
6F11/2, 

6F9/2, 
6F7/2, 

6F5/2, 
6F3/2, 

6F1/2 and 6H15/2 of Sm3+. In the case of CaMoO4-SO4:Sm3+ phosphors in the UV-vis 

region, the optical absorption was noticed at higher wavelength compare to the other studied 

phosphors. The strong absorption band from 300 to 340 nm could be attributed to the absorption 

of the host materials, suggesting that CaMoO4:Sm3+ phosphors can be excited by n-UV LEDs. It 

is worth noting that in the diffuse reflectance spectra of Sm3+-doped CaMoO4-SO4, the full width 

at half-maximums (FWHMs) of the absorption bands of Sm3+ ions are very strong, compared to 

other Sm3+-doped hosts such as  Ba3Bi(PO4)3, Sr32xSmxNaxB2SiO8 and Na6CaP2O9 [80-82]. 
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When the different anionic groups (BO3
3-, PO4

3- and SO4
2-) were substituted into the 

CaMoO4:Sm3+ phosphors, several weak absorption bands were enhanced in the larger 

wavelength range of 920–1670 nm (i.e., towards low energy). Especially for the absorption 

bands originating from the 6H5/2→(6F3/2, 
6F1/2, 

6H15/2) transitions, the FWHMs of absorption 

bands were widened and the Stark components became complicated. One possible reason for this 

observation is that in the CaMoO4:Sm3+ systems there are three nonequivalent crystal lattice sites 

to which Mo6+ are 4-fold coordinated, while Ca2+ and Sm3+ ions are 8-fold coordinated. The Sm3+ 

ions occupying the Ca+2 sites can reside in more than one crystallographic sites, therefore the 

absorption lines of Sm3+ ions became more intense and wider, which can be attributed to the 

substitution of larger sized MoO4
2- sites by the smaller sized SO4

2-, PO4
3-and BO3

3- in 

CaMoO4:Sm3+ and this has also been observed in different rare earths doped hosts [83-85]. The 

wider FWHMs of absorption bands of Sm3+ in CaMoO4-SO4:Sm3+ are helpful to allow the 

excitation wavelength shift of blue LED chips. 

 

Fig. 12: The diffuse reflectance spectra (DRS) measured of the different CaMoO4:Sm3+ 

phosphors in the spectral region of 300-1800 nm. 

 

The diffuse reflectance data were used to estimate the optical band gap (EG) values using 

the Kubelka Munk (K–M) function [83,85]. Particularly, it can be used in limited cases of 

infinitely thick sample layer. Based on this position, the optical band gap energy (EG) can be 

evaluated from the data presented in Fig. 13. The steep absorption edges in the range of 3.0–3.4 

eV for the four different CaMoO4:Sm3+ phosphors are due to the intrinsic transition of the host 

lattice rather than the electronic transitions between the f-f levels of the Sm3+ ion [86]. The 

absorption band energies calculated from the DR spectra using the K–M function F(R∞) for all 

the CaMoO4-BO3:Sm3+, CaMoO4-BO3:Sm3+, CaMoO4-PO4:Sm3+ and CaMoO4-SO4:Sm3+ 

phosphors were found to be 3.353, 3.380, 3.276 and 3.302 eV respectively. Due to the 

substitution of different anionic groups into the CaMoO4:Sm3+, the absorption band tends to shift 

toward the lower energies. The optical band gap energy (Eg) decreased and the absorption 

improved. The exponential optical absorption edge and the optical band gap energy were 

controlled by the structural changes in the host lattice. The decrease in the EG can be attributed to 

the existence of local defects and bond deformation [87]. 
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Fig. 13: The absorption edges in the range of 3.0–3.4 eV for the four different 

CaMoO4:Sm3+phosphors. 

 

 

 

3.5. Photoluminescent properties of CaMoO4:Sm3+: Effect of BO3
3-, PO4

3- and SO4
2- 

Fig. 14 shows the PL excitation (PLE) spectra recorded when monitoring the 4G5/2→6H9/2 

emission peak of Sm3+ ion at 646 nm from the different phosphors. These four 

CaMoO4:Sm3+phosphors showed a broad PLE band ranging from 200 nm to 500 nm with some 

narrow peaks centered at 286, 346, 363, 377, 392, 405, 408, 421, 440, 464 and 482 nm. 

Generally, the wide band is formed by O2-
→Sm3+ and O2-

→Mo6+ charge-transfer (C-T) band 

[33]. In the present case, the band is ascribed to charge-transfer (CT) band of O2
→Mo6+ and the 

narrow peaks belongs to the 6H5/2→4D3/2, 
6H5/2→4D1/2, 

6H5/2→6p7/2, 
6H5/2→6L15/2, 

6H5/2→4F7/2, 
6H5/2→4M19/2, 

6H5/2→4I13/2, 
6H5/2→4M15/2, 

6H5/2→4I9/2 and 6H5/2→4G7/2 characteristic transitions 

of Sm3+ ions. The peak at 404 nm is more intense and it corresponds to the emission wavelength 

of InGaN based LED chips. Hence the phosphor could be efficiently excited by the near UV 

LEDs. 

 

Fig. 14: The PL excitation (PLE) spectra recorded when monitoring the 4G5/2→6H9/2 

emission peak of Sm3+ ion at 646 nm for the four different CaMoO4:Sm3+ phosphors. 

 

Fig. 15 shows the PL emission (PL) spectra of the different CaMoO4:Sm3+ phosphors 

substituted with SO4
2-, PO4

3- and BO3
3- anionic groups. The spectra were measured when 

exciting the wavelength of 404 nm. Four emission peaks, namely 563, 605, 646 and 706 nm, 

with the strongest emission peak located at 646 nm, were observed. The peak at 563 nm is 

attributed to the 4G5/2→
6H5/2 transition within the scanning range of 550 to 577 nm; the peak at 
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605 nm is attributed to the 4G5/2→
6H7/2 transition within the scanning range of 580 to 620 nm; 

the peak at 646 nm is attributed to the 4G5/2→
6H9/2 transition within the scanning range of the 

625 to 670 nm; and the peak at 706 nm is attributed to the 4G5/2→
6H11/2 transition within the 

scanning range of 685 to 720 nm. All the four emission peaks are attributed to the f→f 

transitions in the 4f electron shell of Sm3+ ion [88, 89]. The shape and peak positions of the 

CaMoO4:Sm3+emission spectra did not vary with the substitution of anionic groups, indicating 

that the different anions substitution did not influence the electronic transition in CaMoO4:Sm3+ 

phosphor. Furthermore the substitution of anionic groups enhanced the PL intensities. For 

example, the PL emissions of CaMoO4-BO3:Sm3+, CaMoO4-PO4:Sm3+ and CaMoO4-SO4:Sm3+ 

are 30 times more intense than that of CaMoO4:Sm3+phosphors. This indicates that the 

substitution of different anions into the CaMoO4:Sm3+ enhanced the photoluminescence emission 

intensity considerably. 

 

Fig. 15: The PL emission spectra of the different CaMoO4:Sm3+ phosphors substituted 

with SO4
-2, PO4

-3 and BO3
-3 anionic groups. 

 

This can be explained by the increase in the excitation of the UV light for the 

CaMoO4:Sm3+ phosphor due to the anion substitution. Therefore, more excitation UV light is 

easily absorbed by CaMoO4:Sm3+ phosphor due to the presence of different anionic structural 

phases, resulting in the enhancement of luminescent intensity [36–38]. In the CaMoO4:Sm3+ 

phosphor, one Sm3+ ion is expected to replace one Ca2+ ion. If so, it would be difficult to keep 

charge balance in the phosphor sample. Therefore, Sm3+ ions may not be fully introduced into 

the Ca ion sites in order to keep charge balance. Additionally, some cations may exist in ‘CaO’ 

defect states instead of forming CaMoO4 with MoO3 and produce vacancies (VCa) that act as 

luminescent quenchers. Both possible mechanisms to maintain chemical neutrality in 

CaMoO4:Sm3+ phosphor would lead to the less emission intensity, because the impurity phase, 

Sm2O3 and CaO, could restrain the CaMoO4 grain growth during the sintering process. However, 

in anionic substituted phosphor samples, namely CaMoO4-BO3:Sm3+, CaMoO4-PO4:Sm3+ and 

CaMoO4-SO4:Sm3+, Sm3+, it is most likely that the ions could easily occupy the Ca2+ sites. The 

anionic substitution did not only enhanced the PL emission intensity it also tuned the emission 

colour from reddish-orange to red. 
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3.6. Lifetime study 

The kinetic decay curves of the CaMoO4:Sm3+ phosphors substituted with different 

anionic groups were measured for the 646 nm emission excited at 406 nm, and the data are 

presented in Fig. 16. The decay curves were fitted with the bi-exponential function. The bi-

exponential behavior is dependent on the number of luminescent centers created by the Sm3+ ion 

dopant, energy transfer from the donor to the activator and defects present in the host [90]. All 

the PL decay curves were fitted with the following bi-exponential decay equation, 

												I�t
 = 	 I�+	��exp �– t
τ�� + ��exp �− t

τ�� �1
 

where I is the luminescence intensity, where τf  and τs are the fast and slow decay times 

respectively and Af and As are their respective weight. The lifetime values were obtained for the 

fast and slow decay phenomena and are listed in Table 4. The average lifetime was determined 

using [91]: 

τ��� =	 ���τ�� + ��τ��

��τ� + ��τ� 		�2
 

The average lifetime τavg values were found to be 654, 429, 572 and 490 µs for CaMoO4:Sm3+, 

CaMoO4-BO3:Sm3+, CaMoO4-PO4:Sm3+ and CaMoO4-SO4:Sm3+ respectively. The lifetimes of 

the luminescent centers are shown to decrease along with the substitution of different anionic 

groups, which is due to the fact that Sm3+ ions substitute into the Ca2+ ions for the combined 

anionic phosphors made the electrons transitions from higher energy states to lower energy 

states. This could shorten the time the electrons stay in the specific energy level. It is worth 

noting that the average lifetime (τ) values of the SO4 and BO3 substitution of CaMoO4-SO4:Sm3+ 

and CaMoO4-BO3:Sm3+ are much smaller than that of CaMoO4:Sm3+ phosphors, indicating the 

more profound replacement of Sm3+ ions into the CaMoO4 lattice.   

 

Fig. 16: The fluorescence decay curves of Sm3+ ion in different CaMoO4:Sm3+ phosphors 

substituted with anionic groups (BO3
-3, PO4

-3 and SO4
-2) by monitoring 646 nm from the 

transitions of 4G5/2→
6H9/2 under the excitation of 403 nm. 
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Sample Double Exponential fitting factors  Average life 

time (µs) 
Af ττττf(µs) As ττττs(µs) 

CaMoO4:Sm3+ 

CaMoO4-BO3:Sm3+ 

CaMoO4-PO4:Sm3+ 

CaMoO4-SO4:Sm3+ 

4640 

3602 

2780  

1632 

22 

57 

76 

55 

1890 

1523 

396 

3576 

703 

525 

585 

511 

654 

429 

572 

490  

Table 4. Decay times of the luminescence of 4G5/2→
6H9/2 transition in different CaMoO4:Sm3+ 

phosphor. 

3.7. Color coordinates of phosphors-orange to red color shifting 

To evaluate the effect of different anionic group substitution on the luminescent colors, 

the CIE (Commission International del’Eclairage) chromaticity coordinates of the CaMoO4:Sm3+ 

phosphors were calculated by using the emission spectra and are shown in Fig. 17. The CIE 

chromaticity coordinates of a florescence system are very important certification for 

photoluminescence applications [92]. Every natural color could be identified by (x,y) coordinates 

that are determined using CIE chromaticity diagram. As shown in Fig 17, the color coordinates 

of CaMoO4:Sm3+ and CaMoO4-BO3:Sm3+, CaMoO4-PO4:Sm3+ and CaMoO4-SO4:Sm3+ 

phosphors are all in the red region. All phosphors have a similar value, which are quite close to 

the standard red chromaticity (0.67, 0.33) for the National Television Standard Committee 

system. In addition, by comparing the CIE values (x, y) among all CaMoO4:Sm3+ systems, it can 

be seen that the CIE values (x, y) shifted significantly from the reddish orange to the red region 

due to the substitution of the anionic group. This result confirms the role of different anionic 

substitution into the CaMoO4:Sm3+ phosphors. Therefore, the phosphors CaMoO4:Sm3+ with 

different anionic groups may possess great potential for commercial applications. It is seen that 

the colors of the phosphors shift gradually from the orange (0.571, 0.423) to the red color region 

(0.627, 0.366) with substitution of the different anionic groups, confirming that their emission 

colors are tunable. Upon exciting at 408 nm xenon lamp, the same trend from orange to red color 
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for all CaMoO4-BO3:Sm3+, CaMoO4-PO4:Sm3+ and CaMoO4-SO4:Sm3+ phosphors was observed. 

Therefore, the orange-red tunable emission of all the studied systems can be realized when the 

excitation wavelength is located at 403 nm, which is suitable for application in n-UV based 

WLEDs. 

 

Fig. 17: CIE chromaticity coordinates of the CaMoO4:Sm3+ phosphors a) CaMoO4:Sm3+b) 

CaMoO4-BO3:Sm3+, c) CaMoO4-PO4:Sm3+and d) CaMoO4-SO4:Sm3+The insets show the 

corresponding digital photographs of samples under the excitation of a 404 nm Xenon lamp. 

 

3.8. Photon distribution and quantum yield 

The quantum yield of Sm3+ emission in the studied phosphor powders were evaluated 

from the photon distribution N(υ ). The N(υ ) spectrum can be deconvoluted into two 

components: reflected light from the excitation source and fluorescence from the powders as 

shown in Fig. 18. The photon distribution of the source set to 404 nm reflected from Spectralon 

is shown as curve 1 (red color line). To show the absorption extent of the pumping energy, the 

photon distribution of excitation source reflected from the sample is also shown as curve 2 (black 

color line). By subtracting curve 1 from curve 2, the absorbed photon number can be estimated 

by integrating the distribution with wavelength. The emitted photon number can also be 

evaluated from integrating the fluorescence component 

 

 Fig. 18: Spectral power distribution of Sm3+ ion in different CaMoO4:Sm3+ phosphors 

substituted with anionic groups. 

 

The quantum yield QY is defined by: 

QY= emitted photons/absorbed photons 

The QY of four different CaMoO4:Sm3+ phosphors was calculated to be 0.53, 16, 12 and 21%, 

respectively. The quantum efficiency of the present Sm3+ ion doped CaMoO4 materials are well 

comparable and found in some cases higher than that of other Sm3+ ion doped glass materials 

[93, 94]. 
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Conclusion 

In summary, a series of novel red emitting, CaMoO4:Sm3+ phosphors, substituted with 

different anionic groups (BO3
-3, PO4

-3 and SO4
-2) were successfully synthesized using the high 

temperature solid state reaction method. Anionic substitution did not affect the crystal structure 

but it influenced the photoluminescence luminescence intensity and emission colour.  The XPS 

analysis indicated variation in the Ca2+ surroundings, Mo-O charge transfer energy and oxygen 

vacancy distribution after substitution of different anionic groupic systems. These changes 

modified the optical and the luminescence behavior of the material. The PL intensity was 30 

times more intense due to anionic substitution. The PL results reveal that the present phosphor 

can be effectively excited by near UV LED chips to emit in the red region with improved 

quantum efficiency. With the introduction of the different anionic groups, the optical band gap 

energy (Eg) decreased. Simultaneously, the CRI of CaMoO4:Sm3+ phosphors, vary with the 

substitution of different anionic groups (BO3
-3, PO4

-3 and SO4
-2) into the CaMoO4:Sm3+ 

phosphors. Based on these experimental results, the CaMoO4:Sm3+ phosphors can act as potential 

color-tunable phosphors. Therefore, the different anionic substituted CaMoO4:Sm3+ phosphors 

are expected to be novel red phosphors that can easily be paired with highly efficient InGaN 

chips for white LED applications. 
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Fig. 1: Reitveld analysis ofdifferentCaMoO4 phosphors substituted with anionic group systems 

(BO3
-3, PO4

-3 and SO4
-2). 
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Fig. 2: Unit cell sheelite tetragonal structure of the CaMoO4 crystal-partial substitution of 

different anionic groupic systems (BO3
-3, PO4

-3 and SO4
-2). 
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Fig. 3: The full XRD patterns of CaMoO4: Sm3+, CaMoO4-BO3:Sm3+, CaMoO4-

PO4:Sm3+ and CaMoO4-SO4:Sm3+ phosphors. 
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Fig. 4: The enlarged version of 101 and 112 diffraction peaks in the XRD patterns of 

CaMoO4: Sm3+, CaMoO4-BO3:Sm3+, CaMoO4-PO4:Sm3+ and CaMoO4-SO4:Sm3+ phosphors. 
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Fig 5: W-H plots of the four different CaMoO4:Sm3+ phosphors. 
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Fig. 11: The FT-IR spectra of different CaMoO4:Sm3+ phosphors substituted with anionic 

groups. 
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Fig. 12: The diffuse reflectance spectra (DRS) measured of the different CaMoO4:Sm3+ 

phosphors in the spectral region of 300-1800 nm. 
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Fig. 13: The evaluated steep absorption edges in the range of 3.0–3.4eV for the four different 

CaMoO4:Sm3+ phosphors. 
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Fig. 14: The PL excitation (PLE) spectra recorded when monitoring the 4G5/2→6H9/2 

emission peak of Sm3+ ion at 646 nm for the four different CaMoO4:Sm3+ phosphors. 
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Fig. 15: The PL emission spectra of the different CaMoO4:Sm3+ phosphors substituted 

with SO4
-2, PO4

-3 and BO3
-3 anionic groups. 
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Fig. 16: The fluorescence decay curves of Sm3+ ion in different CaMoO4:Sm3+ phosphors 

substituted with anionic groups (BO3
-3, PO4

-3 and SO4
-2) by monitoring 646 nm from the 

transitions of 4G5/2→
6H9/2 under the excitation of 403 nm. 
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Fig. 17: CIE chromaticity coordinates of the CaMoO4:Sm3+ phosphors a)CaMoO4:Sm3+b) 

CaMoO4-BO3:Sm3+, c) CaMoO4-PO4:Sm3+and d) CaMoO4-SO4:Sm3+
 The insets show the 

corresponding digital photographs of samples under the excitation of a 404 nm Xenon lamp 
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Fig. 18: Spectral power distribution of Sm3+ ion in different CaMoO4:Sm3+ phosphors 

substituted with anionic groups. 
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Fig. 6: XPS survey scan spectra of different CaMoO4:Sm3+ phosphors substituted with different 

anionic groups. 
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Fig. 7.The high resolution XPS scan spectra of (a) Ca 1s (b) Mo 3d (c) C 1s and (d)O 1s 

for the CaMoO4-SO4:Sm3+ phosphors. Gaussian fit of O 1s is shown in (d). 
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Fig. 8: The high resolution XPS spectra of (a) B 1S (b) P2s and (c) S 2p 
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Fig. 9: High resolution XPS Sm 3d spectrum 
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Fig. 10 (a), (b), (c) and (d): The SEM images and EDS spectra of different 

CaMoO4:Sm3+ phosphors substituted with anionic groups. 
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Highlights 

• CaMoO4:Sm3+ was substituted with anionic groups (BO3
-3, PO4

-3 and SO4
-2. 

• PL indicated that all of them can be effectively excited by 404 nm. 
• Orange-red tuneable emission has been achieved by the substitution. 
• CaMoO4-SO4:Sm3+ phosphor showed the strongest PL emission. 
• Potential candidates for UV excited red emission LED applications. 


