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Abstract: A series of color-tunable Na4Ca4Si6O18:Ce3+, Mn2+ phosphors were 

synthesized via high-temperature solid-state reaction. The effect of Ce3+ concentration 

on the emission intensity of Na4Ca4Si6O18:Ce3+ is studied, and the energy transfer from 

Ce3+ to Mn2+ is observed. The emission spectra of the Na4Ca4Si6O18:Ce3+, Mn2+ 

phosphors show a blue band at 430 nm of Ce3+ and a red band at 590 nm of Mn2+, 

originated from the allowed 5d → 4f transition of the Ce3+ ion and the 4T1g(4G) → 

6A1g(6S) transition of the Mn2+ ion, respectively. Non-radiative transitions between the 

Ce3+ and Mn2+ ions in the Na4Ca4Si6O18 host is demonstrated to be dipole-quadrupole 

interactions. Results indicate that the varied emitted color from blue to red can be 

achieved by tuning the relative ratio of the Ce3+ to Mn2+ ions based on the principle of 

energy transfer. We have demonstrated that Na4Ca4Si6O18:Ce3+,Mn2+ phosphors can be 

a promising candidate for a color-tunable phosphor applied in a near-UV white LEDs.  
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1. Introduction 

Phosphor materials are widely used in various application such as fluorescent lamps, 

cathode ray tubes, vacuum fluorescent display, plasma display, LED, polyhouses etc. 1,2 

Different types of phosphors with blue, red, green, and sometimes with dual emission 

characteristics are required for technological applications. Many of the phosphors 

presently used are obtained by doping rare earth ions into host material. In particular, 

Ce3+-activated phosphors were invented with remarkable properties for white LEDs 

applications, such as the commonly used down converting yellow emitting 

Y3Al5O12:Ce3+ phosphor and silicate garnet Sr3SiO5:Ce3+ and Ca3Sc2Si3O12:Ce3+ 

phosphors.3-5 On the other hand, Ce3+ ion can also act as an excellent sensitizer, 

transferring a part of its energy to activator ion such as Mn2+.6-15 As we known, The 

Mn2+ ion has abroad emission band and usually gives an orange or red emission. Owing 

to the spin forbidden 4T1–
6A1 transition, the emission intensity of Mn2+-doped phosphor 

is weak under UV excitation. Thus, the Mn2+ emission can be realized efficiently by 

energy transfer from Ce3+ to Mn2+, which plays an important role in development of 

efficient phosphor materials. 16-26 

Recently, many efforts have been made to develop phosphors using energy transfer 

from Ce3+ to Mn2+. Controlling the dopant concentrations in the hosts causes the 

emitting color to move from the blue/green to the orange/red region. For example, Li et 

al. reported a single-component color-tunable CaSr2Al2O6:Ce3+, Li+, Mn2+ phosphors. 

By codoping the Ce3+ and Mn2+ ions into the host and utilizing the energy transfer, the 

color hues can be varied from blue to red.27 Lu et al. incorporated Mn2+ into and 
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consequently generated an orange emission band peaking at 572 nm.28 In this work, we 

have demonstrated a novel dual-tunable Na4Ca4Si6O18: Ce3+, Mn2+ phosphor by energy 

transfer mechanism between the luminescence centers Ce2+ and Mn2+. We have also 

proven that the varied emitted color from blue to red can be achieved by increasing the 

dopant contents of Mn2+. The Na4Ca4Si6O18: Ce3+, Mn2+ phosphor exhibits great 

potential for use in near UV-LED applications. 

2. Experimental 

All samples Na4Ca4-x-ySi6O18:xCe3+,yMn2+ (abbreviated as NCSO:xCe3+,yMn2+; x, 

y are mol%)) were synthesized by a high-temperature solid-state reaction. The 

constituent oxides or carbonates Na2CO3 (A.R.), CaCO3 (A.R.), SiO2 (A.R.), CeO2 

(A.R.), and MnCO3 (A.R.) were thoroughly mixed by grinding, and then sintered in a 

tubular furnace at 1150°C for 4 h in CO reducing atmosphere. Powder X-ray diffraction 

(XRD) data was collected using Cu Kα radiation (λ = 1.54056 Å) on a Bruker D8 

Advance diffractometer equipped with a linear position-sensitive detector (PSD-50m, M. 

Braun), operating at 40 kV and 40 mA with a step size of 0.02° (2θ). Crystal structure 

refinement employed the Rietveld method as implemented in the General Structure 

Analysis System (GSAS) program.29 The measurements of photoluminescence (PL) and 

photoluminescence excitation (PLE) spectra were performed by using a Hitachi F4500 

spectrometer equipped with a 150 W xenon lamp under a working voltage of 700 V. In 

fluorescence lifetime measurements, the third harmonic (355 nm) of an Nd-doped 

yttrium aluminum garnet pulsed laser (Spectra- Physics, GCR 130) was used as an 

excitation source, and the signals were detected with a Tektronix digital oscilloscope 
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(TDS 3052). 

3. Results and Discussion 

The initial model compound Na4Ca4Si6O18 belongs to a typical hexagonal structure 

with P 3121 symmetry. In order to further study the crystal structure of the as-prepared 

phosphors, the Rietveld structural refinement for the selected composition of 

NCSO:0.04Ce3+ is performed. Figure 1 shows the experimental, calculated and their 

difference results of the XRD refinement of NCSO:0.04Ce3+ sample. The initial 

structural model was constructed with crystallographic data previously reported for 

Na4Ca4Si6O18 (JCPDS 79-1089). The crystallographic data, details on the data 

collection and refinement parameter are listed in Tables S1 in the Supporting 

Information. All of the observed XRD peaks are obtained with goodness of fit 

parameters Rwp = 11.01%, Rp=7.54% and χ2 =6.35. NCSO crystallizes as a hexagonal 

structure with a space group of P 3121and lattice constants of a=b=10.4728 Å, 

c=13.1537 Å. It is also found from the refinement result that Ca2+ ions have two 

different coordination numbers (CNs) as shown in Figure 1 inset. Ca(1) are coordinated 

with six oxygen and Ca(2) are seven oxygen atoms, respectively. In this study, in the 

view of effective ionic radii, Si4+ (0.26 Å), Ca2+(1.00 Å), Ce3+ (1.01 Å) and Mn2+ (0.66 

Å), it is concluded that Ce3+ and Mn2+ are expected to occupying the Ca2+ sites 

preferably because the four-coordinated Si4+ sites are too small for these ions to replace 

them. Furthermore, Figure S1 depicts the XRD patterns of the NCSO: 0.04Ce3+, yMn2+. 

All of the diffraction peaks are indexed to the standard data of Na4Ca4Si6O18 (JCPDS 

79-1089) and no diffraction peaks from the raw materials are detected. It can be seen 
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that the as-prepared samples shifted to higher angles with increasing Mn content (y 

value) owing to the radius difference between Mn2+ and Ca2+. This result futher 

suggests that the Ca2+ ions are substituted by the smaller Mn2+ ions. 

 

Fig. 1 Rietveld analysis patterns for X-ray powder diffraction data of NCSO:0.04Ce3+. 

The crosses marks represent the experimental intensities, and the red solid line is the 

calculated one. A difference (obsd - calcd) plot is shown beneath. Tick marks above the 

difference data indicate the reflection positions. 
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Fig. 2 Gaussian fitting of the emission band (a) and PL and PLE spectra (b) of the 

NCSO:0.04Ce3+ phosphor. Inset: the PL intensity as a function of x upon 330 nm 

excitation. 

 

Fig.3 Fluorescence lifetimes of NCSO:0.04Ce3+ phosphor with monitored at different 

wavelength. The inset is the dependence of the fluorescence lifetimes on Ce3+ 

concentration. 

Figure 2 (a) and (b) depicts the PL and PLE spectra of the NCSO:0.04Ce3+ 

phosphor. The sample shows a broad intense excitation band from 250 to 400 nm due to 

the 4f7→4f65d1 transition of the Ce3+ ions. At the excitation of 330 nm, the PL spectrum 

shows an intense blue emission band attributed to the 4f65d1→4f7 transition of the Ce3+ 

ion. The asymmetric emission band under the excitation of 330 nm can be fitted to two 

Gaussian profiles centered at 422 nm (23675 cm−1) and 393 nm (25409 cm−1), which is 

also similar to the theoretical value of 2000cm−1 for 2F7/2 and 2F5/2 ground states of Ce3+. 

It is obvious that there are little changes in the blue emission except the emission 

intensity when varying the excitation wavelength from 330 to 360 nm. This means that 

Ce3+ ions only occupy the Ca(1) or Ca(2) site in the NCSO lattice. To investigate the 

effect of doping concentration on luminescence properites, a series of NCSO:xCe3+ with 

Page 7 of 18 New Journal of Chemistry

N
ew

Jo
ur

na
lo

fC
he

m
is

tr
y

A
cc

ep
te

d
M

an
us

cr
ip

t



 8

varying Ce3+ contents (x=0.02, 0.04, 0.08, 0.12, 0.16, 0.20 and 0.24) are synthesized. 

Figure 2(b) inset shows the concentration dependence of PL intensity of NCSO:xCe3+. 

The PL intensity increases with increasing Ce3+ concentration and reaches a maximum 

when x=0.08. Beyond this value, the PL intensity is found to decrease due to 

concentration quenching. Decay curves of NCSO:0.04Ce3+ and the dependence of the 

fluorescence lifetimes on Ce3+ concentration are depicted in Figure 3. When monitored 

at different wavelength, the decay time of Ce3+ do not changes, further supporting that 

Ce3+ ions substitute only one site (Ca(1) or Ca(2)) in NCSO. The decay lifetime for the 

Ce3+ ions is found to slightly decrease with the increase in Ce3+ contents, which is due 

to the nonradiative energy transfer between Ce3+ ions.  

 

 Fig. 4 The fitting curve of ln(I/x) versus ln(x) in NCSO:xCe3+ phosphors. 

If the energy transfer occurs between the same sorts of activators, then the intensity 

of the multipolar interaction can be determined from the change of the emission 

intensity from the emitting level which has a multipolar interaction. The emission 

intensity (I) per activator ion follows the equation:30  

 
13

/ 1I x k x



                      (1) 

Where x is the activator concentration, I/x is the emission intensity per activator 
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concentration, k and β are constants for a given host in the same excitation condition, θ 

= 6, 8 and 10 represent the dipole–dipole, dipole–quadrupole, and 

quadrupole–quadrupole interactions, respectively. By modifying the Eq. 1, log(I/x) acts 

a liner function of log(x) with a slop of (-θ/3). From Figure 4, the θ/3 is determined to 

be 1.67 and accordingly, θ is calculated to be 5.01 which is close to 6. The result 

indicates that the concentration quenching mechanism of the Ce2+ emission in NCSO 

host is dominated by the dipole-dipole interaction. 

 

 

Fig. 5 PLE and PL spectra of (a) NCSO: 0.1Mn2+ and (b) NCSO: 0.04Ce3+, 

0.16Mn2+ phosphors. 
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Fig. 6 PL spectra of NCSO: 0.04Ce3+, yMn2+ with various Mn2+ contents.  

The excitation and emission spectra of the Mn2+ singly doped phosphors is shown 

in Figure 5(a). The d-d transitions of Mn2+ are forbidden in view of spin and parity, so 

their excitation transitions are difficult to pump and emission intensity is very weak. 

NCSO: 0.1Mn2+ phosphor presents a band broad emission band centered at 590 nm, 

which corresponds to the 4T1(
4G) → 6A1(6S) transition of Mn2+. Its excitation spectrum 

consists of several bands centered at 359 and 410 nm, which are assigned to the 

transitions from 6A1(6S) to 4T2(4D) and 4T2(
4G) levels of Mn2+, respectively. The 

intensity of the Mn2+ emission is weaker than that of the Ce3+ emission in the NCSO 

host, which is due to the forbidden d-d transition of Mn2+. We have observed a 

significant spectral overlap between the Ce3+ PL and Mn2+ PLE spectra, indicating the 

possibility of energy transfer from Ce3+ to Mn2+ in NCSO. Figure 5(b) illustrates the 

PLE and PL spectra of NCSO: 0.04Ce3+, 0.16Mn2+. It is found that the PLE spectrum of 

the Mn2+ is similar to that of Ce3+, demonstrating the existence of energy transfer from 

Ce3+ to Mn2+ in NCSO systems. Figure 6 gives the emission spectra of Ce3+, Mn2+ 

co-doped NCSO as a function of Mn2+ concentrations (y=0, 0.04, 0.08, 0.16, 0.24, 0.32, 
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0.40 and 0.48). The emission intensity of Ce3+ gradually decreases. Meanwhile, the 

emission intensity of the Mn2+ ions increases initially and reaches a maximum at y = 

0.24, beyond which it decreases ascribed to the Mn2+–Mn2+ internal concentration 

quenching. Furthermore, the emission peaks of the Ce3+ and Mn2+ ions show a red-shift 

as the Mn2+content increases. Since a smaller Mn2+ ion substitution on Ca2+ sites causes 

a shrinking of bond lengths as confirmed by the XRD pattern, which finally results in 

this phenomenon. 

 
Fig.7 PL decay curves of the Ce3+ emission in NCSO: 0.04Ce3+, yMn2+ under excitation 

at 355 nm, monitored at 430 nm. 

In order to investigate the luminescence dynamics of the samples, we measured the 

PL decay curves and then calculated the lifetime as well as energy transfer efficiencies, 

as shown in Figure 7 and 8. The fluorescence of Ce3+ decays faster and tends to be a 

nonexponential function with increasing the Mn2+ concentration, as shown in Figure 7. 

The decay process of these samples is characterized by an average lifetime τ, which can 

be calculated using Eq. 1 as follows  





00

)()( dttItdttIavg
                      (2) 

where the I(t) represents the luminescence intensity at time t. From Eq. 2, the lifetime of 
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Ce3+ decreases with increasing Mn2+ concentration, which are 64.33, 55.96, 50.53, 

47.12, 43.91, 41.16 , 39.91 and 39.75 ns, respectively. The decay lifetime for the Ce3+ 

ions is found to reduce with increasing Mn2+ doping content, strongly demonstrating the 

energy transfer from the Ce3+ to Mn2+ ions. 

 

Fig.8 Lifetimes and the energy transfer efficiency of NCSO: 0.04Ce3+,yMn2+ as a 

function of Mn2+ concentration. 

The energy transfer efficiency (η) from the Ce3+ to Mn2+ ions in the 

NCSO:Ce3+,yMn2+ phosphors can be calculated by using the following formula 

01- /   ,                             (3)                                      

where τ0 is the lifetime of the Ce3+ ions in the absence of the Mn2+ ions and τ is the 

lifetime of the Ce3+ ions in the presence of the Mn2+ ions. The η is calculated as a 

function of Mn2+ concentration y and represented in the Figure 8. It can be seen that the 

values  gradually increases and reaches 38% for Mn2+ concentrations at y = 0.48. This 

value  is higher than that of CaSr2Al2O6:Ce3+, Li+, Mn2+ (27%). but lower than that of 

Ca3Sc2Si3O12:Ce3+, Li+, Mn2+ (45%).7,27 
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Fig. 9 Experimental data plots of I/I0 versus Cn/3. The red lines indicate the fitting 

behaviors. 

In many cases, concentration quenching is due to energy transfer from one 

activator to another until an energy sink in the lattice is reached. The critical distance RC 

for energy transfer from the Ce3+ to Mn2+ ions can be calculated using the concentration 

quenching method. According to Blasse, 31 the critical distance RC can be expressed by  

1/3

C
c

3V
R 2

4πX N

 
  

 
                              (4)  

where V is the volume of the unit cell, N is the number of available sites for the dopant 

in the unit cell, X is the total concentration of Ce3+ and Mn2+,. For the Na4Ca4Si6O18 

host, N = 12 and V=1257.84 Å3. The critical concentration XC, at which the 

luminescence intensity of Ce3+ is half of that in the absence of Mn2+ is 0.24. Therefore, 

the critical distance (RC) of energy transfer was calculated to be about 9.41 Å. 

According to Dexter’s energy transfer expressions of multipolar interaction and 

Reisfeld’s approximation, the following relation can be given as 32 

3/0 nC
I

I


                                    (5) 
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where C is the sum of the content of Ce3+ and Mn2+. The plots of (I0/I) versus Cn/3 with 

n= 6, 8, and 10 correspond to dipole-dipole, dipole-quadrupole and 

quadrupole-quadrupole interactions. Figure 9 illustrates the relationships between (I0/I) 

versus Cn/3, and a liner relation is observed when n = 8. This clearly indicates that the 

energy transfer mechanism from the Ce3+ to Mn2+ ions is a dipole-quadrupole reaction. 

Considering dipole−quadrupole interaction, the critical distance from the sensitizer to 

the acceptor can also be calculated by the spectral overlap method, as expressed as 

follows:30,32 


4

2128 )()(
10024.3

E

dEEFEF
fR AS

qSC 
           (6) 

where fq (=10−10) is the oscillator strength of the involved absorption transition of the 

acceptor (Mn2+), λS (in Å) is the wavelength position of the sensitizer’s emission, E is 

the energy involved in the transfer (in eV), and  dEEEFEF AS
4/)()(

represents the 

spectral overlap between the normalized shapes of the Ce3+ emission FS(E) and the 

Mn2+ excitation FA(E), and in our case, it is calculated to be about 0.01256 eV−4. Using 

Eq. 6, the critical distance RC was estimated to be 9.59 Å. This result is in good 

agreement with that obtained using the concentration quenching method, which further 

reveals that the mechanism of energy transfer from the Ce3+ to Mn2+ ions is mainly due 

to a dipole-quadrupole interaction. 
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Fig. 10 CIE chromaticity diagram of NCSO: 0.04Ce3+, yMn2+ phosphors under 330 nm 

excitation and corresponding selected phosphors images excited at 365 nm 

in the ultraviolet (UV) box. 

The CIE chromaticity coordinates of the NCSO:0.04Ce3+,yMn2+ with different 

dopant contents are measured and presented in Figure 10. With increasing Mn2+ content, 

the (x,y) coordinates of NCSO: 0.04Ce3+, yMn2+ phosphors vary systematically from 

(0.16, 0.10), (0.21, 0.17), (0.24, 0.21), (0.30, 0.25) to (0.33, 0.25), and correspondingly, 

the color tone of the phosphors shifts gradually from blue to red with increasing the 

content of Mn2+. As the contents of Mn2+ further increase to 0.32 and 0.48, the value 

CIE chromaticity of phosphor do not change remarkably, this may be due to the effect 

of concentration quenching from Mn2+. 

4. Conclusion 

In summary, a new blue and red dual Na4Ca4Si6O18: Ce3+, Mn2+ phosphors are 

synthesized. The effect of Ce3+ concentration on the emission intensity and energy 

transfer from sensitizer Ce3+ to activator Mn2+ in Na4Ca4Si6O18 host have been studied. 

The energy transfer from Ce3+ to Mn2+ in Na4Ca4Si6O18 phosphors have been 

demonstrated to be a resonant type via a dipole−quadrupole mechanism，and the critical 
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distance (RC) calculated by quenching concentration method and spectral overlap 

method are 9.41 Å and 9.59 Å, respectively. The emission color of the obtained 

phosphors can be easily modulated from blue to red by simply adjusting the amount of 

Mn2+ ions due to the different emission compositions of the Ce3+ and Mn2+ ions. These 

results indicated that Na4Ca4Si6O18:Ce3+, Mn2+ may serve as a potential color-tunable 

near UV phosphor for white-light LED devices. 
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